Evolution of mammalian genome architecture through retrotransposition by Buckley, Reuben Mackenzie




Department of Genetics and Evolution
School of Biological Sciences
A thesis presented for the degree of DOCTOR OF PHILOSOPHY
AUGUST 2017
Abstract
Retrotransposons, mobile DNA elements that replicate via a copy and paste mechanism,
are a major component of mammalian genome architecture. They account for at least
one-third of the human genome and are major drivers of lineage-specific gain and
loss of DNA. While there are many examples of how specific retrotransposons have
impacted evolution, their interaction with large-scale genome architecture remains poorly
characterised. Throughout my thesis I investigated two fundamental questions regarding
genome evolution and retrotransposons. Firstly, how does genome architecture shape
retrotransposon accumulation? Secondly, how does retrotransposon accumulation in turn
impact on genome architecture?
The current model of retrotransposon accumulation largely relies on local sequence
composition. However, this model fails to account for genome-wide chromatin structure,
an important factor that regulates DNA accessibility to insertion machinery. By analysing
retrotransposon accumulation at open chromatin sites I showed that genome structure
strongly associates with retrotransposon accumulation patterns. In addition, by mapping
retrotransposon accumulation patterns of non-human mammals back to human, I was
able to observe large-scale positional conservation of lineage-specific retrotransposons.
These findings suggest that through conservation of synteny, gene regulation and nuclear
organisation, retrotransposon accumulation in mammalian genomes follows similar
evolutionary trajectories.
Beneath the conserved structural framework of mammalian genomes there exists a
high degree of lineage-specific turnover of DNA. Outside of whole genome duplication,
retrotransposons are the largest contributing factor to genome growth. In contrast to this,
accumulation of retrotransposons can also increase the probability of unequal crossing
over causing DNA loss through large deletion events. Using multiple pairwise alignments
I calculated regional levels of lineage-specific DNA gain and loss in the human and
mouse genomes. I found that while lineage-specific DNA loss overlapped with open
chromatin regions in both genomes, different sources for lineage-specific DNA gain
drove divergence in genome architecture. These findings reveal the turbulent nature of
lineage-specific evolution of large-scale genome architecture, ultimately questioning the
evolutionary stability of structural chromosomal domains.
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In addition to analysing large-scale genome architecture I performed two separate analyses
on retrotransposons in the bovine genome. Due to the presence of BovB retrotransposons,
the bovine retrotransposon landscape is clearly distinct from other placental mammals.
For the first analysis, I identified bovine-specific retrotransposon associated gene co-
expression networks. Following the genomic distribution of bovine retrotransposons, my
results show that gene expression strongly associates with genome architecture. For the
second analysis, I characterised retrotransposons surrounding tandem duplicate copies of
the bovine NK-lysin gene. My results were consistent with retrotransposon accumulation
causing genomic rearrangements via non-allelic homologous recombination.
Altogether, my thesis reveals hidden interactions between retrotransposon accumulation,
and mammalian genome structure and function. By re-purposing publicly available
datasets I have characterised various aspects of the complex co-evolutionary relationships
between retrotransposons and the genomes in which they reside in.
ii
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Genome evolution in complex organisms is by no means a straight forward process. For
example, protein-coding genes make up less than 2% of the human genome and are highly
conserved across mammals. In contrast, the remaining ‘non-coding’ fraction of the genome
contains all the necessary information required for regulating complex systems of proteins
and RNA molecules. However, the non-coding portion of the genome is highly dynamic,
where estimates - along with various definitions - of how much DNA is actually ‘functional’
differ widely. At the centre of this conundrum are retrotransposons; self-replicating mobile
segments of DNA. They have the potential to cause large mutations but can also act
as gene regulatory elements. In this chapter I provide an overview of the mammalian
retrotransposon landscape and review the literature regarding mammalian epigenetic
retrotransposon silencing mechanisms. I discuss how these silencing mechanisms can be
co-opted along with retrotransposons themselves to shape mammalian gene regulatory
networks and impact evolution.
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Mammalian genome evolution as a result of 
epigenetic regulation of transposable elements
Abstract: Transposable elements (TEs) make up a large 
proportion of mammalian genomes and are a strong evo-
lutionary force capable of rewiring regulatory networks 
and causing genome rearrangements. Additionally, there 
are many eukaryotic epigenetic defense mechanisms able 
to transcriptionally silence TEs. Furthermore, small RNA 
molecules that target TE DNA sequences often mediate 
these epigenetic defense mechanisms. As a result, epige-
netic marks associated with TE silencing can be reestab-
lished after epigenetic reprogramming – an event during 
the mammalian life cycle that results in widespread loss 
of parental epigenetic marks. Furthermore, targeted epi-
genetic marks associated with TE silencing may have an 
impact on nearby gene expression. Therefore, TEs may 
have driven species evolution via their ability to herit-
ably alter the epigenetic regulation of gene expression in 
mammals.
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Introduction
Transposable elements (TEs) are mobile DNA segments 
that have had an extensive effect on mammalian genome 
evolution (1). As much as two thirds of the human genome 
may be composed of repetitive sequences, of which TE-
derived sequences are a major component (2). Because 
of their ability to replicate themselves and their potential 
to cause mutation via insertional mutagenesis or ectopic 
recombination resulting in large genomic rearrangements, 
TEs have long been thought of as selfish genetic elements 
(3–5). This view is also consistent with the significant 
role TEs have been shown to play in various diseases (6, 
7). Genome defense from TEs is largely mediated by tran-
scriptional silencing. This is achieved by epigenetic modi-
fications that disrupt the accessibility of the necessary 
transcriptional machinery. Both DNA methylation and 
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histone modifications are involved in these processes and 
are mediated by RNA intermediates (8–11).
However, evidence is emerging that suggest TEs are 
more than just genomic parasites. TE insertions have been 
shown to affect nearby gene expression in a variety of 
ways. Examples include TEs providing alternative splice 
sites, transcription factor binding sites (TFBSs), and alter-
native promoters for genes [reviewed in (1)]. Interestingly, 
epigenetic silencing mechanisms associated with TEs also 
affect gene expression. A well-studied example of this 
phenomenon is epigenetic inheritance at the axin-fused 
allele in which a kinky tail phenotype associates with dif-
ferential methylation of the long terminal repeat (LTR) at 
the 3′ end of an intracisternal A particle (IAP) element in 
mice. Hypermethylation of the 3′ LTR of the IAP element 
was shown to suppress the kinked tail phenotype by 
silencing a cryptic promoter. Crosses between penetrant 
and silent axin-fused mice with null mice showed that 
the penetrance of the allele was inherited. This implied 
that the epigenetic methylation state of the IAP element 
remained stable as it passed from one generation to the 
next. Furthermore, the epigenetic state of an individual’s 
sperm cells reflected the epigenetic state of that individ-
ual’s somatic cells, thereby providing a mechanism for 
inheritance (12).
In the above example, the epigenetic state associated 
with the IAP element was inherited by the next genera-
tion and also affected expression of the axin-fused allele. 
Transgenerational inheritance of stable patterns, such as 
DNA sequences, provides the foundations on which evolu-
tionary processes such as natural selection act. Although 
IAP elements appear to be an exception to most TEs, due 
to their ability to avoid epigenetic reprograming, the RNA 
intermediates that target TEs for transcriptional silencing 
through epigenetic modifications provide a mechanism 
by which epigenetic patterns associated with TEs can be 
inherited (13, 14). In this context, TEs can be thought of as 
providing a unique epigenetic environment. Throughout 
this review, we explore the role TEs have played in altering 
the epigenetic landscape, which in turn, may have altered 
gene expression patterns and regulatory networks and 
thereby driven evolution in different species.
The mammalian TE landscape
To understand the potential evolutionary impact of TEs, 
we must take into account the various types and families 
of TEs with different ages, mechanisms of action, distribu-







Class 1 non-LTR TEs (black) are transcribed (green) and transported 
to the cytoplasm. Within the cytoplasm, non-autonomous TEs 
undergo translation and produce an RNP. TE transcripts are trans-
ported back into the nucleus where they are reverse transcribed and 
integrated into the genome. The above process has resulted in large 
portions of the genome comprising of repeated DNA sequences.
this section, we discuss how each of these factors shapes 
the mammalian TE landscape.
According to the Repbase classification system, there 
are two main types of TEs: type 1 and type 2. Type 1 TEs 
consist of LTR and non-LTR retrotransposons. Many LTR 
retrotransposons in mammals are endogenous retrovi-
ruses (ERVs). ERVs have been grouped into several differ-
ent classes based on such criteria as structural features 
and phylogeny [reviewed in (15)]. Non-LTR retrotranspo-
sons are made up of long interspersed nuclear elements 
(LINEs) and short interspersed nuclear elements (SINEs) 
(16). LINEs are usually several kilobases long and contain 
two open reading frames (ORFs), one of which encodes 
a ribonucleoprotein (RNP) that reverse transcribes the 
element and inserts the DNA copy into the genome. The 
copy and paste process of L1 retrotransposition is shown 
in Figure 1. However, SINEs are only approximately 300 
base pairs (bp) long, contain no ORFs, and require the 
retrotransposition machinery encoded by LINE elements 
for retrotransposition. SINEs are derived from the 3′ end of 
LINEs, and these 3′ sequences bind the LINE-encoded RNP 
required for replication. LINEs and their derived SINEs are 
referred to as LINE-SINE pairs. In humans, LINE L1 and 
SINE Alu are an active LINE-SINE pair. In the mouse, a 
similar pairing also exists, where mouse LINE L1s form 
a LINE-SINE pair with SINE B1 elements (17). However, 
the majority of TE sequences in mammalian genomes are 
inactive. Type 2 TEs, also known as DNA transposons, are 
able to excise themselves from the genome and reinsert 
themselves elsewhere in the genome using a transposase 
encoded in their single ORF. Because of this cut-and-paste 
mobilization that does not generate additional copies, 
type 2 TEs are found in much lower numbers than type 1 
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TEs in mammalian genomes. The above findings have pre-
viously been reviewed by Jurka et al. (18).
The mammalian TE landscape is very complex, and 
every species of mammal has both shared and unique 
TEs that can be traced back to various lineages within 
the mammalian radiation. Initial genome-wide studies of 
TE distribution based on the human genome concluded 
that LINE L1s were more prevalent in AT-rich regions; 
SINE MIRs and SINE Alus showed a preference for GC-rich 
regions; and LINE L2s were distributed independent of 
GC content (19, 20). LINE L1s, LINE L2s, and SINE Alus 
also all had a preference for antisense insertions within 
genes; this was most pronounced for LINE L1s. SINE MIR 
sequences, however, showed no such insertion prefer-
ence. This observation was interpreted as the result of 
selection against LINE L1 sense insertions because the 
LINE L1 element’s poly A signal/tail may cause shortened 
gene transcripts (19). Therefore, the observed TE distribu-
tion is the product of both TE insertion preference and 
selection against specific types of TE insertions (19). In the 
mouse, the TE landscape is very different. For example, 
young SINE B1 and SINE B2 elements insert into SINE-
rich GC areas, whereas young SINE Alus in human insert 
into SINE Alu-poor AT-rich areas. Human and mouse 
also differ in retrotransposon content. For example, the 
human genome has fewer LTR/ERVs compared with the 
mouse genome, and the mouse genome has far fewer SINE 
MIRs and LINE L2s than the human genome (21).
Throughout the mammalian lineage, older TEs show 
signs of being retained, which result from selective pres-
sures. For example, SINE MIRs and LINE L2s and TE-free 
regions are often found in conserved orthologous seg-
ments between human and mouse (22, 23). Moreover, sub-
sequent analyses of repeat families in different species 
have adopted a more global approach to identify asso-
ciations of repetitive elements in different families across 
species. This led to the identification of regions enriched 
for ancestral repeats (SINE MIR and LINE L2) in human, 
horse, and cow. Therefore, ancestral mammalian TEs 
show signs of both positional and sequence conservation 
in a number of species (24, 25). This conservation suggests 
a role for these repeats in the genome structure associated 
with the regulation of gene expression.
Although distantly related species have been used 
to compare the distribution of inactive and ancestral 
repeats, comparisons between closely related species 
have been used to compare distributions of young, active 
TEs. Deep sequencing of 17 strains of mouse revealed over 
100,000 TE variants, each of which had survived selection 
over the past 2 million years. The ERV family of repeats 
underwent the largest expansion, and deleterious ERVs 
were rapidly purged from the mouse genome. Deleteri-
ous LINE L1s were also purged but not quite as rapidly as 
ERVs. ERV insertions were also shown to be most highly 
associated with changes in gene expression between the 
mouse strains (26). It is clear that TEs are a source of varia-
tion among species and can cause large genomic changes. 
However, most such changes are detrimental, and it is 
therefore advantageous to be able to reduce the probabil-
ity of potentially detrimental changes.
Silencing of TEs via targeted 
 epigenetic mechanisms
TE silencing through DNA methylation and chromatin 
modification keeps retrotransposition in check by sup-
pressing TE transcription. However, during germ cell early 
embryonic development, DNA and histone methylation 
patterns are transiently erased, allowing TEs to mobilize. 
However, mobilizing TEs are quickly inhibited by targeted 
small RNA (sRNA) TE-silencing mechanisms (27, 28). After 
this transient demethylation, DNA methyltransferase 3a 
(DNMT3a) and DNA methyltransferase 3-like (DNMT3L) 
specifically methylate TEs, thereby suppressing TE tran-
scription (8, 29, 30).
The most well-characterized sRNA-targeting mecha-
nism for TE transcriptional silencing in mammals is the 
PIWI-based recognition system (27). sRNA molecules 
approximately 26–31 nucleotides long direct DNA meth-
ylation at TE promoters in a general process known as 
RNA-directed DNA methylation (RdDM), and these RNA 
molecules are known as PIWI-interacting RNAs (piRNAs) 
(11). Primary piRNAs are generated from piRNA clusters 
during widespread TE transcription during epigenetic 
reprogramming. Primary piRNAs then bind to piwi-
like RNA-mediated gene silencing 2 (MILI) to form com-
plexes that then bind to and cleave the TE transcripts. 
The cleaved transcript product is a secondary piRNA 
that forms a complex with piwi-like RNA-mediated gene 
silencing 4 (MIWI2) and targets the primary piRNA cluster 
transcript, thereby leading to increased production of 
primary piRNAs. This process is known as a ‘ping-pong’ 
amplification cycle and is very effective in dealing with 
large numbers of TE transcripts (Figure 2). The PIWI-
based recognition system occurs before DNMT3L-guided 
methylation and is believed to be the causal factor in 
TE methylation specificity (11). RNA intermediates may 
also be involved in directing chromatin modifications 
that can silence TE transcription. This idea is well estab-
lished in plants and supported in Drosophila but has not 
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been confirmed in mammals (31, 32). piRNA sequences 
are found in clusters throughout the genome and share 
sequence similarity with TEs. The production of piRNAs 
corresponding to a specific TE is likely the result of a TE 
insertion into a piRNA cluster (33, 34). Although piRNAs 
play a large role in silencing TEs, some TE families are 
effectively silenced even in their absence. For example, 
SINE B1 elements in mouse have a locus-to-locus varia-
tion in their methylation patterns. Knockout of phospho-
lipase D family, member 6 (Pld6), and MILI genes, which 
are involved in piRNA biogenesis, results in disrupted 
piRNA-mediated silencing of LINE L1 elements, whereas 
methylated SINE B1 elements remain methylated in sper-
matogonia (35, 36). The knockouts also show no increase 
in SINE B1 expression, indicating that SINE B1 silencing 
occurs independently of piRNA activity (36).
Recent work on LINE L1 silencing shows the potential 
involvement of other RdDM mechanisms in mammals. 
Mammalian micro-RNAs (miRNAs) associated with 
repeats are 22 nucleotides long and are products of dou-
ble-stranded RNA (dsRNA) cleaved by DICER and loaded 
into Argonaute 2 (AGO2) (37, 38) (Figure 3). Mouse embry-
onic stem cell (ESC) DICER knockouts showed that mam-
malian repeat-associated miRNAs were depleted, LINE 
L1 promoter elements were hypomethylated, and that 
LINE L1 transcription, translation, and copy number had 
increased. Therefore, components of miRNA biogenesis in 



















Figure 2 piRNAs and ping-pong amplification.
(A) piRNAs targeting TEs are transcribed from piRNA clusters. (B) 
Primary piRNAs are processed and loaded into MILI where they are 
able to guide MILI to TE transcripts, initiating the formation of the 
ping-pong amplification pathway. (C) Cleaved TE transcripts become 
secondary piRNAs and are loaded into MIWI2. (D) The complex then 
targets and cleaves primary piRNA clusters, resulting in the genera-
tion of more piRNAs loaded into MILI. piRNAs generated by this 








Figure 3 TE silencing via sRNA molecules.
Double-stranded TE RNA is produced as a result of transcription 
from bidirectional TE promoters. This dsRNA is then targeted and 
cleaved by DICER. The resulting sRNAs are then loaded into AGO2 
and direct DNA methylation or RNA interference.
40). Furthermore, sRNAs in mammals are involved with 
RNA interference (RNAi) or post-transcriptional silenc-
ing of TEs. dsRNA processed by DICER caused sRNAs in 
mammals to form perfect small interfering RNA (siRNA) 
duplexes with two-nucleotide 3′ overhangs, a characteris-
tic associated with RNAi in other systems (40).
Post-transcriptional processing of TE transcripts 
involves several other regulators. The microprocessor, a 
multiprotein complex able to recognize and cleave primary 
RNAs (priRNAs), plays an important role in miRNA bio-
genesis (41, 42). The microprocessor recognizes structures 
within LINE L1 elements and promotes their degradation 
(43). Another regulator of TE activity through RNAi is the 
human RNA helicase, Moloney leukemia virus 10, homo-
logue (MOV10) (44, 45). MOV10 is part of a multiprotein 
complex with other components involved in RNA-induced 
silencing (46). MOV10 prevents retrotransposition of non-
autonomous TEs by interacting with the LINE L1 RNP 
(45). Furthermore, a protein related to MOV10 known as 
MOV10-like 1 (MOV10L1), interacts with piRNA proteins 
in male mouse germ cells and is involved in transcrip-
tional silencing of certain TE families (47, 48). MOV10 is 
also found in complexes with members of the apolipopro-
tein B mRNA-editing enzyme, catalytic polypeptide-like 
3 (APOBEC3) family (APOBEC3G and APOBEC3F) and is 
associated with defense against retroviruses, which have 
replication mechanisms similar to retrotransposons (49, 
50). Therefore, APOBEC3 proteins may also be involved 
in various processes that protect host genomes against 
TEs (51). The APOBEC3 family of proteins is a family of 
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cytidine deaminases that convert cytidine to uridine to 
edit retrotransposon DNA and cDNA as a defense against 
retrotransposition (51).
Histone modifications provide another mechanism 
to regulate TE expression. Most active TE sequences are 
associated with histone H3 lysine 9 (H3K9) methyla-
tion and are therefore transcriptionally repressed (52). 
For example, mutations in methyltransferases that are 
associated with repressive histone modifications lead to 
increased TE activity (53). In mouse early embryogenesis, 
a methyltransferase known as SET domain bifurcated 
1 (SETDB1) targets specific promoter-proximal class I 
and class II ERVs. Embryonic cells lacking SETDB1 show 
transcription of the promoter-proximal ERVs in the form 
of aberrant gene transcripts that would otherwise be 
silenced. Therefore, SETDB1 is involved with transcrip-
tional control of TEs independent of DNA methylation 
(10). Another methyltransferase found in mouse involved 
in TE silencing is euchromatic histone-lysine N-meth-
yltransferase 2 (G9a) (54). G9a does not appear to be 
involved with silencing class I and II ERVs but is neces-
sary for silencing class III ERVs (55). Suppressor of varie-
gation 3–9 (Suv39) is another H3K9 methyltransferase also 
linked to TE silencing; deletions of Suv39 result in a mod-
erate increase in TE activity (52). Furthermore, the above 
mechanisms may hold for a variety of mammals including 
the pig. For example, porcine ERVs are silenced by similar 
chromatin modifications as seen in mouse (56). However, 
heterochromatic silencing during embryogenesis may not 
be an active driver of TE silencing. Moreover, TE silenc-
ing usually occurs after loss of an active histone mark and 
before gain of a repressive histone mark (57).
Interestingly, heterochromatin modifications asso-
ciated with TE sequences may be selected to play a dual 
role, resulting in further downstream implications of TE 
accumulation. Generally, heterochromatin causes a tran-
scriptionally repressive environment-reducing TE activ-
ity. However, heterochromatic regions are also unable 
to undergo recombination (3). This is important because 
unregulated TE genomic-enriched regions are particularly 
prone to hazardous recombination events that have been 
linked to disease in humans (5, 7). Therefore, prevention 
of non-homologous recombination may be a driving force 
behind heterochromatic repression of TEs. In addition, 
recombination also often results in TE deletion, imply-
ing that heterochromatic silencing may be the cause of TE 
accumulation (4). Furthermore, simulations have shown 
that under an ectopic recombination model, TEs accumu-
late in regions of low recombination (58).
This section shows how epigenetic mechanisms are 
involved in the regulation of TEs. Epigenetics are now 
known to contribute to many regulatory processes, espe-
cially throughout development. The following section 
aims to show the breadth of developmental regulation 
under the control of epigenetic processes in the context of 
the regulatory impact of retrotransposition.
Epigenetic regulatory  mechanisms 
are essential for mammalian 
development
Epigenetic mechanisms are well characterized in terms of 
the roles they play in development. Mammalian develop-
ment is highly complex and requires extensive regulation 
of intricate cellular processes. During development, the 
differentiation potential of cells is gradually reduced at 
each stage until cells terminally differentiate. This reduc-
tion of differentiation potential is largely regulated by 
epigenetics.
DNA methylation is the critical modification of DNA 
with respect to the epigenetic regulation of transcription. 
Specifically, DNA methylation refers to the methylation 
of cytosine and occurs mostly in CpG sequences (59). In 
mammals, approximately 60%–80% of CpGs are methyl-
ated. However, approximately 10% of CpGs are resistant 
to methylation and are found in GC-rich regions of the 
genome. These CpG sites are known as CpG islands and 
are found in gene and retrotransposon promoters (28, 
60). The DNA methyltransferases, DNA methyltrans-
ferase 1 (DNMT1), DNMT3a, and DNA methyltransferase 
3b (DNMT3b) all have roles in maintaining DNA methyla-
tion throughout mammalian development (61, 62). The 
deletion of DNMT1 in ESCs results in apoptosis, whereas 
simultaneous deletion of DNMT3a and DNMT3b did not 
affect survivability yet resulted in ESCs unable to differ-
entiate (63). Once established, methylation patterns are 
able to persist through multiple rounds of mitosis. During 
the S phase, DNMT1 directly interacts with proliferating 
cell nuclear antigen and ubiquitin-like with PHD and ring 
finger domains 1 (UHRF1); this complex is recruited to 
sites of DNA replication and binds hemi-methylated DNA 
via a SET- and RING-associated domain (64–66). UHRF1 
binds to parental methylated DNA and thereby directs 
DNMT1 to the daughter strand (28, 66). Therefore, DNA 
methylation is a stable process for transmitting epige-
netic regulatory information from parent to daughter cell, 
unlike transmission of epigenetic regulatory informa-
tion from parent to offspring at the level of multicellular 
organisms.
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Inherited information from a parent to offspring is 
largely mediated by one cell, a single gamete. Gametes from 
each parent fuse to form a zygote, which then develops into 
an organism made up of a large variety of tissues and differ-
entiated cell types. For this process to occur properly, there 
are two stages during development where cells undergo 
epigenetic reprogramming resulting in global hypomethyl-
ation. The processes governing how epigenetic patterns are 
reestablished during development are complex and remain 
an area of intense research. In ESCs and primordial germ 
cells (PGCs), epigenetic states are reset requiring that meth-
ylation patterns are reestablished in a targeted manner for 
differentiation to occur. Various DNA methylation target 
sites have been identified. These include promoters, peri-
centromic repeats, TEs, and imprint control regions (28).
Another form of epigenetic regulation during mam-
malian development is through histone modifications. 
Histone proteins form a complex with DNA called a nucleo-
some, in which approximately 147 nucleotides of DNA are 
wrapped around the nucleosomal histones H2A, H2B, H3, 
and H4. Two copies of each histone make up the nucleo-
some, and a collection of nucleosomes results in the for-
mation of chromatin. Each one of these histones can also 
be chemically modified, usually by a methyltransferase or 
an acetylase. Chemical modifications of histone proteins 
regulate the accessibility of surrounding DNA (67). For 
example, repressive histone modifications cause nucle-
osomes to tightly associate, resulting in the surrounding 
DNA being made inaccessible and transcriptionally silent. 
Known repressive histone modifications include histone 
H3 lysine 9 methylation 2/3 (H3K9me2/3) and histone H3 
lysine 27 methylation 3 (H3K27me3) (68–70). Meanwhile, 
active histone modifications can cause the nucleosomes 
to dissociate, resulting in the surrounding DNA becom-
ing accessible to transcriptional machinery. Active histone 
modifications at promoters include histone H3 lysine 4 
methylation 3 (H3K4me3), histone H3 lysine 27 acetylation 
(H3K27ac), and known modifications at enhancers include 
H3K27ac and histone H3 lysine 4 methylation 1 (H3K4me1) 
(70–72). These histone modifications cause a change in 
chromatin status at particular loci; however, they are not 
as stable as DNA methylation (67). Therefore, the DNA loci 
associated with histone modifications that are analogous 
to DNA methylation are described as being repressed rather 
than silenced (28, 73). Interestingly, histone modifications 
in PGCs and ESCs contribute to the transcriptionally per-
missive environment characteristic of these cell types and 
the reductions in DNA methylation they experience. For 
example, global loss of repressive H3K9 methylation marks 
are an essential step in epigenetic reprogramming in PGCs 
and induced pluripotent stem cells (74, 75).
Throughout development, most histone modifications 
remain dynamic as various genes are switched on and off. 
However, some loci, including some TE loci, appear to 
have a stable repertoire of histone modifications (73, 76, 
77). These modifications, like DNA methylation, may be 
due to targeted mechanisms. As a result, TEs located next 
to the promoter of a gene can affect the epigenetic regula-
tion of that gene’s promoter. Therefore, new TE insertions 
are able to change the regulation of a gene.
TE DNA sequences are more than 
just repressors
A large body of evidence shows that TEs can cause large 
changes to gene regulatory networks. However, not all of 
these involve transcriptional silencing.
One of the ways TEs alter regulatory networks is 
through the binding of transcription factors (TFs). Using 
chromatin immunoprecipitation (ChIP), Bourque et al. (78) 
showed that several TFs had binding sites within specific 
TE families. Additionally, TEs with a particular TFBS were 
more likely to be adjacent to genes regulated by that TF 
than genes not regulated by that TF. One of the TFs ana-
lyzed was estrogen receptor 1 (ESR1) and was bound to MIR 
elements and ERV-like elements. Moreover, subsequent 
analyses showed these elements also harbored TFBS motifs 
for ESR1 co-regulators (79), thereby strengthening the idea 
that TFBSs from TEs affect gene expression, as the control 
of gene expression usually requires binding of multiple TFs 
(80). Further implications of combinatorial TF binding pat-
terns found in TEs have also been linked to the evolution of 
particular traits. For example, MER20 is a eutherian-specific 
TE and is located within 200 bp of 13% of the genes asso-
ciated with pregnancy in mammals (81). Of 21 randomly 
selected MER20s, 14 were shown to bind combinations of 
TFs associated with insulator activity and four were shown 
to bind combinations of TFs with repressor functions.
Recently, species comparisons have yielded even 
further insight into how TEs are able to alter regulatory net-
works through changes in TFBS repertoire. Schmidt et al. 
(82) showed that expansion of CCCTC binding factor (CTCF) 
binding sites in various mammalian lineages was likely 
due to TE expansion. CTCF is a zinc-finger protein that is 
able to bind DNA at a highly conserved DNA binding motif 
and is involved in looping DNA in long-range interactions 
(82–84). ChIP sequencing (ChIP-seq) characterization of 
CTCF binding sites in five mammalian species: human, 
macaque, mouse, rat, and dog showed a shared core of 
approximately 5000 CTCF binding sites. However, there 
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were also large numbers of species-specific binding sites, 
and many of the species-specific binding sites in mouse, 
rat, and dog mapped to lineage-specific TEs (both shared 
and unique SINE B2 elements in mouse and rat and SINEC 
cf elements in dog) (82). Like many of the combinations of 
TFs that bind to MER20s, CTCF is also a known insulator 
protein. Insulator proteins cause changes in gene regula-
tion by creating chromatin boundaries. CTCF is also sen-
sitive to methylation, and this raises questions about the 
extent to which TEs are transcriptionally silenced and their 
ability to potentially escape transcriptional silencing (85, 
86). It is clear that TF binding of TEs supports a role for TEs 
as a potent evolutionary force in mammals. However, it is 
likely that binding of TFs to binding sites embedded within 
TEs also alters the epigenetic landscape at the TE locus.
Instrumental in the discovery of the regulatory poten-
tial of MER20s was that MER20s were enriched for chro-
matin marks associated with insulator activity (81). This 
approach has also been used in identifying the regulatory 
potential of other TEs in human. For example, Xie et al. 
(87) analyzed genome-wide methylation patterns and 
found that LFSINE and LTR77 TE families were differen-
tially methylated in various tissues. Both TE families were 
also associated with gene expression in a tissue-specific 
manner and had histone modifications representative of 
enhancers. These findings show that epigenetic regula-
tion is not only involved in silencing the activity of TEs 
but also allows them to function as enhancers or insulator 
elements. We can therefore say that some epigenetic regu-
latory mechanisms override TE-silencing mechanisms, 
making it more likely that TEs that contain certain TFBS 
are able to effectively replicate within the genome.
Transcriptional epigenetic silencing 
may be a powerful driver of 
evolution
TEs have contributed significantly to mammalian evolu-
tion in a variety of ways. The silencing of newly inserted 
TEs may result in an epigenetic change at a particular 
locus, which could therefore result in large changes in 
nearby gene expression, thereby altering phenotypes 
subject to selection.
In plant systems, Hollister et al. (88) have established 
that TEs contribute to an epigenetic variation that results 
in differences in gene expression. However, although this 
has not been validated in mammals, many of the compo-
nents that silence TEs in plants are conserved in mammals. 
Comparisons between Arabidopsis thaliana and Arabi-
dopsis lyrata revealed that sRNA-targeted TEs were asso-
ciated with reduced gene expression in both species and 
differences in gene expression between orthologues. In 
addition, it was reported that changes in gene expression 
due to TE silencing had deleterious effects resulting in the 
accumulation of silenced TEs in gene-poor regions (89). 
This result illustrates the degree by which gene expres-
sion can be altered through silencing of TE insertions. It 
is important to note that some eukaryotic mechanisms 
responsible for silencing TEs via sRNAs consist of largely 
conserved components. Plants, fungi, and animals all use 
sRNAs that are cleaved by DICER-type proteins and are 
then bound to Argonaut proteins that then either target 
transcripts for RNAi or target the appropriate DNA for DNA 
methylation (90) (Figure 3). It is therefore likely that the 
observations in plants will be replicated in mammals.
Although it has not yet been shown on a genome-
wide scale how TE-associated epigenetic silencing mech-
anisms affect gene expression in mammals, epigenomes 
in several mammals have been mapped. Xiao et al. com-
pared the epigenomes of pig, mouse, and human to gain 
further insight into the evolution of genome-wide epige-
netic regulation. Results showed that the correlations 
between epigenetic and gene expression conservation 
were higher than the correlations between sequence and 
gene expression conservation (91). This approach reveals 
that the main driver of mammalian transcriptome evolu-
tion may in fact be changes to the epigenome rather than 
changes in DNA sequence. It is worth noting that while 
patterns of epigenetic chromatin modifications may differ 
between mammalian species, the mechanisms that regu-
late them are conserved (92). For instance, the level of 
conservation associated with the stability of histone mod-
ifications indicates regulation of histone modifications by 
conserved mechanisms (93). This means that species-spe-
cific TE families can cause the same kinds of epigenetic 
changes in different species. Epigenetic changes resulting 
from heritable TE insertions can alter gene expression 
and hence phenotype. Therefore, TEs and their associated 
silencing mechanisms may have exerted significant influ-
ence on the evolution of the mammalian transcriptome.
Expert opinion
The total impact of epigenetic regulation of TEs on mam-
malian evolution remains largely unexplored. TEs are a 
major component of genome architecture, and the extent 
of their impact can be vast. Comparative studies involving 
Authenticated | david.adelson@adelaide.edu.au author's copy
Download Date | 6/28/14 2:51 PM
9
190      R.M. Buckley and D.L. Adelson: Epigenetic regulation contributes to genome evolution
TEs remain a challenge due to the complexity of analyz-
ing many closely related sequences and the economic 
cost of generating transcriptome and epigenome data. 
However, by analyzing the genomic distribution of par-
ticular TE families and developing new techniques that 
can compare these distributions across different species, 
we may be able to better understand the impact of TEs on 
mammalian evolution. This kind of analysis merged with 
transcriptome, and epigenome data will help develop a 
deeper understanding of the evolutionary outcomes of 
mammalian genomes and TE families in regard to the epi-
genetic mechanisms that control TE mobilization.
Highlights
 – TE families are classified based on a number of 
criteria and have discernible features. However, an 
understanding of TE insertion preferences remains 
elusive due to divergent genomic landscapes.
 – Most hypotheses aimed at reconciling the distribution 
of TEs use a negative selection viewpoint, that is to 
say, TE insertions accumulate in areas where they 
would be least harmful.
 – The role of epigenetics in regard to TEs is largely 
believed to be one of defending the genome against 
TEs. However, some findings show that epigenetic 
regulation of TEs may contribute to the control of gene 
expression.
 – Instances in which TEs provide a binding site for a 
DNA methylation-sensitive TF may provide TEs with 
an opportunity to escape transcriptional silencing.
 – Several mechanisms are believed to be involved in 
TE silencing. However, some of these mechanisms 
appear to only target specific TE families.
 – sRNA-mediated silencing of TEs can provide a 
mechanism by which TEs can alter the epigenome 
and pass those alterations on to the next generation. 
However, this has not yet been confirmed in mammals.
 – Comparative studies involving epigenetics are 
extremely scarce because of their expense. Despite 
this, strong correlations have been observed between 
conservation in epigenomes and conservation in 
transcriptomes.
Outlook
AS more and more genome data become available as a result 
of better sequencing technologies, our understanding of 
the nature of genetic regulation and genome architecture 
will improve. One of the current bottlenecks is that both 
DNA and RNA sequencing analysis require assembly of 
short reads, usually between  < 100 bp and 1 kb. Because 
TEs are often longer than reads, it is often impossible to 
assemble reads from TEs accurately. Fortunately, this 
problem will be eliminated with the advent of sequencing 
technologies that use longer reads (94) such as nanopores 
that have the ability to read single molecules and produce 
reads longer than 10 kb (95).
Acknowledgments: Thanks to Dan Kortschak for helpful 
discussions, advice, and criticism.
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Computational approaches for mammalian genome evolution
Mammalian genomes are complex and highly dynamic structures, they consist of many
different components that interact in multiple ways. Understanding how mammalian
genomes evolve while maintaining their integrity is a central question in the field
of biology. Throughout this introduction I have focused specifically on how various
retrotransposon types have impacted on the evolution of gene regulation. However,
further investigation of their evolutionary impact requires the development of novel
computational and comparative genomic approaches. Here, I briefly discuss current
approaches that have been used to investigate mammalian genome evolution through
retrotransposition and the important obstacles that remain in the field.
Perhaps the biggest obstacle to understanding how retrotransposons affect genome
evolution is the identification and annotation of retrotransposons themselves. Approaches
for performing this task split into two broad categories; library based identification and
ab initio identification. By far the most common approach used for retrotransposon
identification is library based identification, which is used by the tools Censor and
RepeatMasker (Kohany et al. 2006; Smit 2004). Genomic retrotransposon sequences are
identified based on sequence similarity to a known retrotransposon sequence stored in
a user defined library. While Censor and RepeatMasker have been extremely effective
in annotating the repetitive content of well studied genomes such as human and mouse,
their broader applications are extremely limited. Since, the library based approach can
only identify known retrotransposons that are present within the users library, unknown
species-specific retrotransposons in less well studied species remain undiscovered.
Alternatively, tools such as krishna and RepeatScout use an ab initio approach for
identification of retrotransposons (Price et al. 2005; Kortschak and Adelson 2014). For
example, krishna performs a self alignment on a species genome and identifies regions
that simply appear in the genome more than once. While this approach requires no a
priori knowledge about repetitive elements such as retrotransposons, it can be quite
computationally intensive for genomes as large as those found in mammals (Zeng et al.
2017). Due to this limitation, difficulties arise when trying to identify ancestral families
of retrotransposons that tend to have low levels of sequence similarity between members
of the same family. This is because reducing the sequence similarity threshold for repeat
identification results in a large increase in search space that ultimately causes higher
memory usage and longer running times. In many cases retrotransposons are identified
using a combination of both ab initio and library based approaches, such as with the
comprehensive ab initio repeat pipeline (CARP) (Zeng et al. 2017). In CARP, repetitive
elements initially identified using krishna are compiled into a library of consensus
15
sequences that contains known repetitive elements as well. This library is then used to
identify and annotate the repetitive element landscape of a species genome, capturing
both ancestral and species-specific retrotransposons.
Another important way to analyse genome evolution is to use phylogenetic approaches.
The field of phylogenetics is well established and contains a variety of sophisticated
models that can be applied to DNA sequence data to infer evolutionary relationships
between species [reviewed in (Yang and Rannala 2012)]. The goal of phylogenetic
analysis is to produce a phylogenetic tree where lineage divergences are represented
as bifurcations and evolutionary rates are represented by branch lengths. Phylogenetic
trees are constructed from a multiple alignment of ancestrally related DNA sequences,
where relationships between sequences can be inferred using various models for DNA
substitution rates. Despite their usefulness for studying evolution, classic phylogenetic
approaches are most suited to single gene analyses rather than genome level analyses.
One reason is that various parameters such as substitution rates are assumed to be
constant throughout the sequence under analysis. Across the entirety of the genome this is
rarely the case as there are many types of DNA features which happen to be under various
levels of selection pressure. Another reason is that sequences undergoing phylogenetic
analysis must be similar enough to carry out a multiple alignment. This is difficult with
mammalian genomes as they have accumulated a large amount of insertions, deletions
and rearrangements often spanning several kb (Pevzner and Tesler 2003). To overcome
these challenges, classical phylogenetic approaches have been modified to handle the
complexities of genome scale sequence data in a variety of ways. For example, the
multiz tool creates genome-wide multiple alignments in the presence of large indels
and genomic rearrangements by aligning fragments of multiple species genomes to a
single reference (Blanchette et al. 2004). Following this, in neutrally evolving sites, such
as fourfold degenerate sites, it is possible to calculate genome-wide substitution rates
and background nucleotide frequencies to build a phylogenetic tree. Moreover, genome-
wide phylogenetic information generated from known neutrally evolving sites can then
be applied to the whole genome using the programs phyloP and phastCons (Pollard
et al. 2010; Siepel et al. 2005). Both of these programs identify nucleotide positions
in the reference where rates of evolution vary significantly from expectation. PhyloP
uses several different methods to identify individual sites that have either experienced
evolutionary constraint or evolutionary acceleration, where phastCons instead identifies
regions of constraint. PhastCons is able to do this through the use of a hidden markov
model, where the probability of a specific site belonging to a particular state is dependant
on the state of the previous site (Siepel and Haussler 2005). One of the outputs from
phastCons is a series of intervals that represent regions of high evolutionary constrain
16
known as conserved elements, which can be compared in multiple ways to assess
the evolutionary importance of different kinds of genomic features. Importantly, by
combining and adjusting different approaches it is possible to leverage the limitations
of some methods against the advantages of others and identify new aspects of genome
biology and evolution.
The identification of conserved elements introduces another important approach for
analysing genome evolution, that is feature based analysis. In evolutionary genomics,
feature based analysis involves identifying evolutionary significant genomic regions
and measuring their associated feature statistics such as genome distribution, size
range and frequency (Quinlan 2014). The benefits of feature analysis are that complex
evolutionary and biological phenomena are reduced to a simple set of genomic intervals.
Genomic features regularly analysed include retrotransposons, open chromatin sites,
histone modifications, conserved elements, exons, introns, and transcription factor
binding sites. Most important in an evolutionary context is that features can be mapped
across species using the liftOver tool, making it possible to determine if certain
genomic features and their activity is evolutionarily preserved (Hinrichs et al. 2006).
Regardless, the accumulation of retrotransposons still creates a unique problem for
mapping features across species, as species-specific retrotransposons cause gaps in
genome-wide alignments. For example, features spanning a retrotransposon insertion in
a reference genome may not map across to a query genome. While for most cases this
is not a significant issue as retrotransposon insertions mostly represent lineage-specific
evolutionary events, occasionally large regions that contain many retrotransposons are
discarded from the analysis. Therefore, with the currently available suite of tools it is
difficult to directly investigate patterns of independent retrotransposon accumulation in
different species. Throughout this thesis I discuss new approaches for mapping genomic
regions across species to investigate the impact of retrotransposons on genome evolution.
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Chapter 2
Similar evolutionary trajectories for retrotransposon
accumulation in mammals
The distribution of retrotransposons and the evolutionary forces that shape them are
counter-intuitive at best; two separate families that replicate using the same machinery
accumulate in distinct genomic regions. In this chapter I introduce an approach
for mapping retrotransposon genomic distributions across distantly related species. I
applied this approach to seven non-human mammalian genomes and found that similar
retrotransposon families independently accumulated in similar genomic regions. This
indicated that the forces guiding retrotransposon accumulation patterns are largely
conserved across species. Finally, I introduce an open chromatin-based retrotransposon
insertion model that ultimately drives similar accumulation patterns in divergent species.
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The factors guiding retrotransposon insertion site preference are not well understood. Differ-
ent types of retrotransposons share common replication machinery and yet occupy distinct
genomic domains. Autonomous long interspersed elements accumulate in gene-poor domains
and their non-autonomous short interspersed elements accumulate in gene-rich domains. To
determine genomic factors that contribute to this discrepancy we analysed the distribution
of retrotransposons within the framework of chromosomal domains and regulatory elements.
Using comparative genomics, we identified large-scale conserved patterns of retrotransposon
accumulation across several mammalian genomes. Importantly, retrotransposons that were
active after our sample-species diverged accumulated in orthologous regions. This suggested
a similar evolutionary interaction between retrotransposon activity and conserved genome
architecture across our species. In addition, we found that retrotransposons accumulated
at regulatory element boundaries in open chromatin, where accumulation of particular
retrotransposon types depended on insertion size and local regulatory element density. From
our results, we propose a model where density and distribution of genes and regulatory
elements canalise retrotransposon accumulation. Through conservation of synteny, gene
regulation and nuclear organisation, mammalian genomes with dissimilar retrotransposons
follow similar evolutionary trajectories.
Introduction
An understanding of the dynamics of evolutionary changes in mammalian genomes is critical
for understanding the diversity of mammalian biology. Most work on mammalian molecular
evolution is on protein coding genes, based on the assumed centrality of their roles and
because of the lack of appropriate methods to identify the evolutionary conservation of
apparently non-conserved, non-coding sequences. Consequently, this approach addresses
only a tiny fraction (less than 2%) of a species’ genome, leaving significant gaps in our
understanding of evolutionary processes (ENCODE Project Consortium 2012; Lander et al.
2001). In this report we describe how large scale positional conservation of non-coding,
repetitive DNA sheds light on the possible conservation of mechanisms of genome evolution,
particularly with respect to the acquisition of new DNA sequences.
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Mammalian genomes are hierarchically organised into compositionally distinct hetero- or
euchromatic large structural domains (Gibcus and Dekker 2013). These domains are largely
composed of mobile self-replicating non-long terminal repeat (non-LTR) retrotransposons;
with Long INterspersed Elements (LINEs) in heterochromatic regions and Short INterspersed
Elements (SINEs) in euchromatic regions (Medstrand et al. 2002). The predominant LINE
in most mammals is the ⇠6 kb long L1. In many mammal genomes, this autonomously
replicating element is responsible for the mobilisation of an associated non-autonomous
SINE, usually ⇠300 bp long. Together, LINEs and SINEs occupy approximately 30% of
the human genome (Lander et al. 2001), replicate via a well characterised RNA-mediated
copy-and-paste mechanism (Cost et al. 2002) and co-evolve with host genomes (Kramerov
and Vassetzky 2011; Chalopin et al. 2015; Furano et al. 2004).
The accumulation of L1s and their associated SINEs into distinct genomic regions depends
on at least one of two factors. 1) Each element’s insertion preference for particular genomic
regions and 2) the ability of particular genomic regions to tolerate insertions. According to
the current retrotransposon accumulation model, both L1s and SINEs likely share the same
insertion patterns constrained by local sequence composition. Therefore, their accumulation
in distinct genomic regions is a result of region specific tolerance to insertions. Because L1s
are believed to have a greater capacity than SINEs to disrupt gene regulatory structures,
they are evolutionarily purged from gene-rich euchromatic domains at a higher rate than
SINEs. Consequently, this selection asymmetry in euchromatic gene-rich regions causes L1s
to become enriched in gene-poor heterochromatic domains (Lander et al. 2001; Graham and
Boissinot 2006; Gasior et al. 2007; Kvikstad and Makova 2010).
An important genomic feature, not explored in the accumulation model, is the chromatin
structure that surrounds potential retrotransposon insertion sites. Retrotransposons preferen-
tially insert into open chromatin (Cost et al. 2001; Baillie et al. 2011; Upton et al. 2015), which
is usually found overlapping gene regulatory elements. As disruption of regulatory elements
can often be harmful, this creates a fundamental evolutionary conflict for retrotransposons;
their immediate replication may be costly to the overall fitness of the genome in which they
reside. Therefore, rather than local sequence composition or tolerance to insertion alone,
retrotransposon accumulation is more likely to be constrained by an interaction between
retrotransposon expression, openness of chromatin, susceptibility of a particular site to alter
gene regulation, and the capacity of an insertion to impact on fitness.
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To investigate the relationship between retrotransposon activity and genome evolution,
we began by characterising the distribution and accumulation of non-LTR retrotransposons
within placental mammalian genomes. Next, we compared retrotransposon accumulation
patterns in eight separate evolutionary paths by ‘humanising’ the repeat content (see methods)
of the chimpanzee, rhesus macaque, mouse, rabbit, dog, horse and cow genomes. Finally, we
analysed human retrotransposon accumulation in large hetero- and euchromatic structural
domains, focusing on regions surrounding genes, exons and regulatory elements. Our results
suggest that accumulation of particular retrotransposon families follows from insertion into
open chromatin found adjacent to regulatory elements and depends on local gene and
regulatory element density. From this we propose a refined retrotransposon accumulation
model in which random insertion of retrotransposons is primarily constrained by chromatin
structure rather than local sequence composition.
Materials and Methods
Within species comparisons of retrotransposon genome distributions
Retrotransposon coordinates for each species were initially identified using RepeatMasker
and obtained from either the RepeatMasker website or UCSC genome browser (Table S1)
(Smit et al. 1996; Rosenbloom et al. 2015). We grouped retrotransposon elements based on
repeat IDs used in Giordano et al (Giordano et al. 2007). Retrotransposon coordinates were
extracted from hg19, mm9, panTro4, rheMac3, oruCun2, equCab2, susScr2, and canFam3
assemblies. Each species genome was segmented into 1 Mb regions and the density of
each retrotransposon family for each segment was calculated. Retrotransposon density of a
given genome segment is equal to a segments total number of retrotransposon nucleotides
divided by that segments total number of mapped nucleotides (non-N nucleotides). From
this, each species was organised into an n-by-p data matrix of n genomic segments and
p retrotransposon families. Genome distributions of retrotransposons were then analysed
using principle component analysis (PCA) and correlation analysis. For correlation analysis,
we used our genome segments to calculate Pearson’s correlation coefficient between each
pair-wise combination of retrotransposon families within a species.
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Across species comparisons of retrotransposon genome distributions
To compare genome distributions across species, we humanised a segmented query species
genome using mapping coordinates extracted from net AXT alignment files located on
the UCSC genome browser (Table S1). First, poorly represented regions were removed by
filtering out genome segments that fell below a minimum mapping fraction threshold (Fig.
1a). Poorly represented regions were those that contained minimal amount of sequence
alignment between pairs of species, making it difficult to accurately map non-human genomic
distributions of retrotransposons to the human genome. Following this, we used these
mapping coordinates to match fragments of query species segments to their corresponding
human segments (Fig. 1b) and the retrotransposon content of the matched query segments






















is the density of retrotransposon family i in query segment j, lQ
j
is the total
length of the matched fragments between query segment j and the reference segment, lR
j
is the total length of the reference segment fragments that match query segment j, q
j
is
the total length of the query segment j, and r is the total length of the reference segment.
The result c⇤
i
is the humanised coverage fraction of retrotransposon family i that can now
be compared to a specific reference segment. Once genomes were humanised, Pearson’s
correlation coefficient was used to determine the conservation between retrotransposon
genomic distributions (Fig. 1d). Using the Kolmogorov-Smirnov test, we measured the effect
of humanising by comparing the humanised query retrotransposon density distribution to
the query filtered retrotransposon density distribution (Fig. 1e). The same was done to
measure the effect of filtering by comparing the segmented human retrotransposon density
distribution to the human filtered retrotransposon density distribution (Fig. 1f). Our
Pearson’s correlation coefficients and P-values from measuring the effects of humanising
and filtering were integrated into a heatmap (Fig. 1g). This entire process was repeated at
different minimum mapping fraction thresholds to optimally represent each retrotransposon
families genomic distribution in a humanised genome (fig S1).
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Replication timing profiles, boundaries and constitutive domains
Genome-wide replication timing data for human and mouse were initially generated as part of
the ENCODE project and were obtained from UCSC genome browser (Table S2-S3) (Yue et al.
2014; ENCODE Project Consortium 2012). For human genome-wide replication timing we
used Repli-Seq smoothed wavelet signals generated by the UW ENCODE group (ENCODE
Project Consortium 2012), in each cell-line we calculated the mean replication timing per
1Mb genome segment. For mouse genome-wide replication timing we used Repli-Chip wave
signals generated by the FSU ENCODE group (Yue et al. 2014). Since two replicates were
performed on each cell-line, we first calculated each cell-lines mean genome-wide replication
timing and then used this value to calculate the mean replication timing per 1Mb genome
segment. By calculating mean replication timing per 1 Mb segment we were able to easily
compare large-scale genome-wide replication timing patterns across cell-lines. We obtained
early replication domains (ERDs), late replication domains (LRDs) and timing transition
regions (TTRs) from the gene expression omnibus (accession ID GSE53984) (Table S2).
Replication domains for each dataset were identified using a deep neural network hidden
Markov model (Liu et al. 2016). To determine RD boundary fluctuations of retrotransposon
density, we defined ERD boundaries as the boundary of a TTR adjacent to an ERD. ERD
boundaries from across each sample were pooled and retrotransposon density was calculated
for 50 kb intervals from regions flanking each boundary 1 Mb upstream and downstream.
Expected density and standard deviation for each retrotransposon group was derived from a
background distribution generated by calculating the mean of 500 randomly sampled 50 kb
genomic bins within 2000 kb of each ERD boundary, replicated 10000 times. To generate
replication timing profiles for our ERD boundaries, we also calculated the mean replication
timing per 50 kb intervals from across each human Repli-Seq sample. To identify constitutive
ERDs and LRDs (cERDs and cLRDs), ERDs and LRDs classified by Liu et al (Liu et al.
2016) across each cell type were evenly split into 1 kb intervals. If the classification of 12 out
of 16 samples agreed across a certain 1 kb interval, we classified that region as belonging to
a cERDs or cLRDs, depending the region’s majority classification of the 1 kb interval.
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DNase1 cluster identification and activity
DNase1 sites across 15 cell lines were found using DNase-seq and DNase-chip as part of the
open chromatin synthesis dataset for ENCODE generated by Duke University’s Institute for
Genome Sciences & Policy, University of North Carolina at Chapel Hill, University of Texas
at Austin, European Bioinformatics Institute and University of Cambridge, Department
of Oncology and CR-UK Cambridge Research Institute (Table S4) (ENCODE Project
Consortium 2012). Regions where P-values of contiguous base pairs were below 0.05 were
identified as significant DNase1 hypersensitive sites (ENCODE Project Consortium 2012).
From this we extracted significant DNase1 hypersensitive sites from each sample and pooled
them. DNase1 hypersensitive sites were then merged into DNase1 clusters. Cluster activity
was calculated as the number of total overlapping pooled DNase1 hypersensitive sites.
We also extracted intervals between adjacent DNase1 clusters to look for enrichment of
retrotransposons at DNase1 cluster boundaries.
Extraction of intergenic and intron intervals
hg19 RefSeq gene annotations obtained from UCSC genome browser were used to extract
a set of introns and intergenic intervals (Table S5). RefSeq gene annotations were merged
and intergenic regions were classified as regions between the start and end of merged gene
models. We used the strandedness of gene model boundaries to classify adjacent intergenic
region boundaries as upstream or downstream. We discarded intergenic intervals adjacent
to gene models where gene boundaries were annotated as both + and   strand. Regions
between adjacent RefSeq exons within a single gene model were classified as introns. Introns
interrupted by exons in alternatively spliced transcripts and introns overlapped by other gene
models were excluded. Upstream and downstream intron boundaries were then annotated
depending on the strandedness of the gene they were extracted from.
Interval boundary density of retrotransposons
Intervals were split in half and positions were reckoned relative to the feature adjacent
boundary, where the feature was either a gene, exon, or DNase1 cluster (Fig. S2). To
calculate the retrotransposon density at each position, we measured the fraction of bases at
each position annotated as a retrotransposon. Next, we smoothed retrotransposon densities
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by calculating the mean and standard deviation of retrotransposon densities within an
expanding window, where window size grows as a linear function of distance from the
boundary. This made it possible to accurately compare the retrotransposon density at
positions where retrotransposon insertions were sparse and density levels at each position
fluctuated drastically. At positions with a high base pair density a small window was used and
at positions with a low base pair density a large window was used. Expected retrotransposon
density p was calculated as the total proportion of bases covered by retrotransposons across
all intervals. Standard deviation at each position was calculated as
p
np(1  p), where n is
the total number of bases at a given position.
Interval size bias correction of retrotransposon densities
Interval boundary density is sensitive to retrotransposon insertion preferences into intervals
of a certain size (Fig. S3). To determine interval size retrotransposon density bias, we
grouped intervals according to size and measured the retrotransposon density of each interval
size group. Retrotransposon density bias was calculated as the observed retrotransposon
density of an interval size group divided by the expected retrotransposon density, where the
expected retrotransposon density is the total retrotransposon density across all intervals.
Next, using the intervals that contribute to the position depth at each position adjacent
to feature boundaries, we calculated the mean interval size. From this we corrected retro-
transposon density at each position by dividing the observed retrotransposon density by the
retrotransposon density bias that corresponded with that position’s mean interval size.
Software and data analysis
All statistical analyses were performed using R (R Core Team 2015) with the packages
GenomicRanges (Lawrence et al. 2013) and rtracklayer (Lawrence et al. 2009). R scripts
used to perform analyses can be found at:
https://github.com/AdelaideBioinfo/retrotransposonAccumulation . All cell-line information




Species selection and retrotransposon classification
We selected human, chimpanzee, rhesus macaque, mouse, rabbit, dog, horse and pig as
representative placental species because of their similar non-LTR retrotransposon composition
(Fig. S4-S5) and phylogenetic relationships. Retrotransposon coordinates were obtained
from UCSC repeat masker tables and the online repeat masker database (Rosenbloom et al.
2015; Smit et al. 1996). We grouped non-LTR retrotransposon families according to repeat
type and period of activity as determined by genome-wide defragmentation (Giordano et al.
2007). Retrotransposons were placed into the following groups; new L1s, old L1s, new SINEs
and ancient elements (for families in each group see Fig. S5). New L1s and new SINEs are
retrotransposon families with high lineage specificity and activity, while old L1s and ancient
elements (SINE MIRs and LINE L2s) are retrotransposon families shared across taxa. We
measured sequence similarity within retrotransposon families as percentage mismatch from
family consensus sequences (Bao et al. 2015). We found that more recent lineage-specific
retrotransposon families had accumulated a lower percentage of substitutions per element
than older families (Fig. S6-S13). This confirmed that our classification of retrotransposon
groups agreed with ancestral and lineage-specific periods of retrotransposon activity.
Genomic distributions of retrotransposons
To analyse the large scale distribution of retrotransposons, we segmented each species
genome into adjacent 1 Mb regions, tallied retrotransposon distributions, performed principal
component analysis (PCA) and pairwise correlation analysis (see methods). For PCA, our
results showed that retrotransposon families from the same group tended to accumulate
in the same genomic regions. We found that each individual retrotransposon group was
usually highly weighted in one of the two major principal components (PC1 and PC2) (Fig.
2). Depending on associations between PCs and particular retrotransposon families we
identified PC1 and PC2 as either the “lineage-specific PC” or the “ancestral PC”. Along the
lineage-specific PC, new SINEs and new L1s were highly weighted, where in all species new
SINEs were enriched in regions with few new L1s. Alternatively, along the ancestral PC, old
L1s and ancient elements were highly weighted, where in all species except mouse — where
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ancient elements and old L1s were co-located — ancient elements were enriched in regions
with few old L1s (Fig. 2-3a,S14). The discordance observed in mouse probably resulted from
the increased genome turnover and rearrangement seen in the rodent lineage potentially
disrupting the distribution of ancestral retrotransposon families (Murphy et al. 2005; Capilla
et al. 2016). In addition, the genome-wide density of ancestral retrotransposons in mouse was
particularly low compared to our other species (Fig. S4-S5). However, as the relationship
between mouse lineage-specific new retrotransposons is maintained, this discordance does not
impact on downstream analyses. These results show that most genomic context associations
between retrotransposon families are conserved across our sample species.
Retrotransposon accumulation and chromatin environment
In human and mouse, LINEs and SINEs differentially associate with distinct chromatin
environments (Ashida et al. 2012). To determine how our retrotransposon groups associate
with chromatin accessibility, we obtained ENCODE generated human cell line Repli-Seq data
and mouse cell line Repli-ChIP data from the UCSC genome browser (ENCODE Project
Consortium 2012; Yue et al. 2014). Repli-Seq and Repli-CHiP both measure the timing of
genome replication during S-phase, where accessible euchromatic domains replicate early
and inaccessible heterochromatic domains replicate late. Across our segmented genomes,
we found a high degree of covariation between genome-wide mean replication timing and
lineage-specific PC scores (Fig. 3a), new SINEs associated with early replication and new
L1s associated with late replication. In addition, by splitting L1s into old and new groups,
we showed a strong association between replication timing and retrotransposon age that
was not reported in previous analyses (Pope et al. 2014). These results are probably not
specific to a particular cell line, since genome-wide replication timing patterns are mostly
highly correlated across cell lines from either species (Table S8). Moreover, early and late
replicating domains from various human cell lines exhibit a high degree of overlap (Fig. S15).
To confirm that lineage-specific retrotransposon accumulation associates with replication
timing, we analysed retrotransposon accumulation at the boundaries of previously identified
replication domains (RDs) (Liu et al. 2016). We focused primarily on early replicating
domain (ERD) boundaries rather than late replicating domain (LRD) boundaries because
ERD boundaries mark the transition from open chromatin states to closed chromatin states
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and overlap with topologically associated domain (TAD) boundaries (Pope et al. 2014).
Consistent with our earlier results, significant density fluctuations at ERD boundaries were
only observed for new L1s and new SINEs (Fig. 3b). Because RD timing and genomic
distributions of clade-specific retrotransposons are both largely conserved across human
and mouse (Ryba et al. 2010; Yaffe et al. 2010), these results suggest that the relationship
between retrotransposon accumulation and RD timing may be conserved across mammals.
The genomic distribution of retrotransposons is conserved across
species
Our earlier results showed that the genomic distribution of retrotransposons is similar across
species (Fig. 2). To determine whether our observations resulted from retrotransposon
insertion into orthologous regions, we humanised segmented genomes of non-human species.
Humanisation, began with a segmented human genome, a segmented non-human mammalian
genome, and a set of pairwise alignments between both species. Using the pairwise alignments
we calculated the percentage of nucleotides from each human segment that aligned to a specific
non-human segment and vice-versa. This made it possible to remodel the retrotransposon
content of each non-human genome segment within the human genome and essentially
humanise non-human mammalian genomes (Fig. 1) (see methods). To test the precision of
our humanisation process, we used the Kolmogorov-Smirnov test to compare the humanised
retrotransposon density distribution of a specific retrotransposon family, to the non-humanised
retrotransposon density distribution of that same retrotransposon family (Fig. S1). If the
Kolmogorov-Smirnov test returned a low P-value, this suggested that the humanisation
process for a given retrotransposon family had a low level of precision. Therefore, to increase
our precision we used a minimum mapping fraction threshold to discard genomic segments
that had only had a small amount of aligning regions between each genome. The motivation
behind this was that genomic segments with a small amount of aligning sequence were the
ones most likely to inaccurately represent non-human retrotransposon genomic distributions
when humanised. However, it is important to note that our increase in precision requires
a trade-off in accuracy. By discarding genomic segments below a certain threshold we
sometimes removed a significant fraction of our non-human genomes from the analysis.
In addition, this approach disproportionately affected retrotransposons such as new L1s,
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as they were most enriched in segments with a small amount of aligning regions between
each genome (Fig.S16-S17). To overcome this, we humanised each non-human genome at
minimum mapping fraction thresholds of 0, 10, 20, 30, 40 and 50 percent and recorded
the percentage of the genome that remained. We found that most retrotransposon families
were precisely humanised at a minimum mapping fraction threshold of 10%. In non-human
species where humanisation was most precise, a minimum mapping fraction threshold of
10% resulted in greater than 90% of the human and non-human genome remaining in the
analysis (Fig. 4,S18-S24). After humanising each non-human genome, we performed pairwise
correlation analysis (see methods) between the genomic distributions of each humanised
and human retrotransposon family. Our results showed that retrotransposon families in
different species that were identified as the same group showed relatively strong correlations,
suggesting that they accumulated in regions with shared common ancestry (Fig. 4,S18-S24).
Next, we assessed the level of conservation of retrotransposon accumulation patterns across
all of our species. For each retrotransposon group in each humanised genome, we identified
the top 10% retrotransposon dense genome segments. We found that when these segments
were compared with the human genome, there was a relativity high degree of overlap (Fig.
5a-b). These results suggest that lineage-specific retrotransposon accumulation may follow
an ancient conserved mammalian genome architecture.
Retrotransposon insertion in open chromatin surrounding regula-
tory elements
Retrotransposons preferentially insert into open chromatin, yet open chromatin usually
overlaps gene regulatory elements. As stated above, this creates a fundamental evolution-
ary conflict for retrotransposons; their immediate replication may be detrimental to the
overall fitness of the genome in which they reside. To investigate retrotransposon inser-
tion/accumulation dynamics at open chromatin regions, we analysed DNase1 hypersensitive
activity across 15 cell lines in both ERDs and LRDs. DNase1 hypersensitive sites obtained
from the UCSC genome browser (ENCODE Project Consortium 2012) were merged into
DNase1 clusters and DNase1 clusters overlapping exons were excluded. As replication is
sometimes cell type-specific we also constructed a set of constitutive ERDs and LRDs (cERDs
and cLRDs) (see methods). Based on previous analyses, cERDs and cLRDs likely capture
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RD states present during developmental periods of heritable retrotransposition (Rivera-Mulia
et al. 2015). Our cERDs and cLRDs capture approximately 50% of the genome and contain
regions representative of genome-wide intron and intergenic genome structure (Fig. S25).
In both cERDs and cLRDs, we measured DNase1 cluster activity by counting the number
of DNase1 peaks that overlapped each cluster. We found that DNase1 clusters in cERDs
were much more active than DNase1 clusters in cLRDs (Fig. 6a). Next, we analysed retro-
transposon accumulation both within and at the boundaries of DNase1 clusters. Consistent
with disruption of gene regulation by retrotransposon insertion, non-ancient retrotransposon
groups were depleted from DNase1 clusters (Fig. 6b). Intriguingly, ancient element density
in DNase1 clusters remained relatively high, suggesting that some ancient elements may
have been exapted. At DNase1 cluster boundaries after removing interval size bias (Fig.
S26-S27) (see methods), retrotransposon density remained highly enriched in cERDs and
close to expected levels in cLRDs (Fig. 6c). This suggests that chromatin is likely to be
open at highly active cluster boundaries where insertion of retrotransposons is less likely
to disrupt regulatory elements. To confirm that recent retrotransposon insertion follows
open chromatin we analysed the accumulation patterns of individual human retrotransposon
families that were active at different periods during primate evolution. The families we chose
were AluY, L1HS, AluJ and L1MA. AluY and L1HS are mostly human-specific while AluJ
and L1MA were most active in an ancestral primate (Mills et al. 2007). We found that
elements from younger retrotransposon families were more enriched near DNase1 cluster
boundaries than elements from older retrotransposon families from within the same retro-
transposon group (Fig. S28). Collectively, these results are consistent with an interaction
between retrotransposon insertion, open chromatin and regulatory activity, where insertions
into open chromatin only persist if they do not interrupt regulatory elements.
Retrotransposon insertion size and regulatory element density
L1s and their associated SINEs differ in size by an order of magnitude, retrotranspose via
the L1-encoded chromatin-sensitive L1ORF2P and accumulate in compositionally distinct
genomic domains (Cost et al. 2001). This suggests that retrotransposon insertion size
determines observed accumulation patterns. L1 and Alu insertions occur via target-primed
reverse transcription which is initiated at the 30 end of each element. With L1 insertion, this
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process often results in 50 truncation, causing extensive insertion size variation and an over
representation of new L1 30 ends, not seen with Alu elements (Fig. 7a). When we compared
insertion size variation across cERDs and cLRDs we observed that smaller new L1s were
enriched in cERDs and Alu elements showed no RD insertion size preference (Fig. 7b).
The effect of insertion size on retrotransposon accumulation was estimated by comparing
insertion rates of each retrotransposon group at DNase1 cluster boundaries in cERDs and
cLRDs. We found that Alu insertion rates at DNase1 cluster boundaries were similarly
above expected levels both in cERDs and cLRDs (Fig. 7c), whereas new L1 insertion rates
at DNase1 cluster boundaries were further above expected levels in cERDs than cLRDs
(Fig. 7d). By comparing the insertion rate of new L1s — retrotransposons that exhibited
RD specific insertion size variation — we observed a negative correlation between element
insertion size and gene/regulatory element density. Thus smaller elements, such as Alu
elements, accumulate more in cERDs than do larger elements, such as new L1s, suggesting
that smaller elements are more tolerated.
Retrotransposon insertion within gene and exon structures
Regulatory element organisation is largely shaped by gene and exon/intron structure which
likely impacts the retrotransposon component of genome architecture. Therefore, we analysed
retrotransposons and DNase1 clusters (exon-overlapping and exon non-overlapping) at the
boundaries of genes and exons. Human RefSeq gene models were obtained from the UCSC
genome browser and both intergenic and intronic regions were extracted (Table S5). At
gene (Fig. 8a) and exon (Fig. 8b) boundaries, we found a high density of exon overlapping
DNase1 clusters and depletion of retrotransposons. This created a depleted retrotransposon
boundary zone (DRBZ) specific for each retrotransposon group, a region extending from
the gene or exon boundary to the point where retrotransposon levels begin to increase.
The size of each DRBZ correlated with the average insertion size of each retrotransposon
group, consistent with larger retrotransposons having a greater capacity to disrupt important
structural and regulatory genomic features. We also found that in cERDs the 50 gene
boundary Alu DRBZ was larger than the 30 gene boundary Alu DRBZ. This difference was
associated with increased exon overlapping DNase1 cluster density at 50 gene boundaries
in cERDs (Fig. 8a), emphasising the importance of evolutionary constraints on promoter
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architecture. For ancient elements, their retrotransposon density at approximately 1 kb from
the 50 gene boundary, when corrected for interval size bias, was significantly higher than
expected. This increase is consistent with exaptation of ancient elements into regulatory roles
(Lowe et al. 2007) (Fig. S29-S32). Moreover, the density peak corresponding to uncorrected
ancient elements also overlapped with that of exon non-overlapping DNase1 clusters (Fig.
8a). Collectively, these results demonstrate the evolutionary importance of maintaining gene
structure and regulation and how this in turn has canalised similar patterns of accumulation
and distribution of retrotransposon families in different species over time.
Discussion
A conserved architectural framework shapes the genomic distribu-
tion of ancestral retrotransposons
The majority of divergence between our sample species has taken place over the last 100
million years. Throughout this time period many genomic rearrangements have occurred,
causing a great deal of karyotypic variation. However, we found that the genomic distributions
of ancestral elements remained conserved. The evolutionary forces preserving the ancestral
genomic distributions of these elements remain unclear.
One suggestion is that ancestral elements play essential roles in mammalian organisms.
Our results in Fig. 6b and 8a suggest that ancient elements have been exapted. Their
accumulation within open chromatin sites is consistent with their roles as cis-regulatory
element, such as MIR elements that perform as TFBSs and enhancers (Bourque et al. 2008;
Jjingo et al. 2014). Similarly, L1s also carry binding motifs for DNA-binding proteins. L1
elements that were active prior to the boreoeutherian ancestor bind a wide variety of KRAB
zinc-finger proteins (KZFPs), most of which have unknown functions (Imbeault et al. 2017).
In terms of genome structural roles, some human MIR elements have been identified as
insulators, separating open chromatin regions from closed chromatin regions (Wang et al.
2015). While these MIR insulators function independently of CTCF binding, their mechanism
of action remains largely unknown. Despite this, when a human MIR insulator was inserted
into the zebrafish genome it was able to maintain function (Wang et al. 2015). This suggests
that MIR insulators recruit a highly conserved insulator complex and maintain insulator
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function across the mammalian lineage. Collectively, these findings identified a number
of examples where ancestral elements are associated with important biological roles. This
may suggest that genomic distributions of ancestral elements are conserved across mammals
because they play conserved biological roles across mammals. However, it is necessary to
draw a distinction between evolutionary conservation of an ancient functional element and
evolutionary conservation of large-scale genomic distributions of retrotransposons. This
is important because for most of our sample species, ancient elements and old L1s each
occupy approximately 7% of each of their genomes (Fig. S4). Compared to the 0.04% of the
human genome that is comprised of transposable elements under purifying selection (Lowe
et al. 2007), this suggests that the vast majority of ancestral elements may not actually play
conserved roles in mammalian biology.
Rather than ancestral elements playing a conserved role in genome maintenance, their
genomic distributions may instead remain conserved as a consequence of evolutionary
dynamics occurring at higher order levels of genome architecture. TADs have been identified
as a fundamental unit of genome structure, they are approximately 900 kb in length and
contain highly self interacting regions of chromatin (Dixon et al. 2012). Despite large-scale
genomic rearrangements, the boundaries between TADs have remained conserved across
mammals (Dixon et al. 2012). An analysis involving rhesus macaque, dog, mouse and
rabbit, identified TAD boundaries at the edge of conserved syntenic regions associating
with evolutionary breakpoints between genomic rearrangements (Rudan et al. 2015). This
suggests that genome rearrangements occur primarily along TAD boundaries leaving TADs
themselves largely intact. Similarly, TAD architecture could also be the driving force behind
the observed frequent reuse of evolutionary breakpoints throughout mammalian genome
evolution (Murphy et al. 2005). Together these findings suggest that TADs form part of a
conserved evolutionary framework whose boundaries are sensitive to genomic rearrangements.
Therefore, the current observed genomic distributions of ancestral retrotransposons reflects
mostly ancestral retrotransposons that inserted within TADs rather than at their boundaries.
This is because elements that accumulated near TAD boundaries were most likely lost
through recurrent genomic rearrangements and genome turnover.
Another example supporting the idea that conserved genomic distributions are shaped
by a conserved architectural evolutionary framework can be found in the rodent lineage.
Rodents have experienced rates of genome reshuffling two orders of magnitude greater than
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other mammalian lineages (Capilla et al. 2016). This has caused rodent genomes to contain a
higher number of evolutionary breakpoints, many of which are rodent-specific (Capilla et al.
2016). From our analysis we found that old L1s and ancient elements each occupied only 1%
of the mouse genome (Fig. S4), with similar levels of ancient elements within the rat genome
(Gibbs et al. 2004). Compared to our other species where the genomes are approximately
7% ancient elements and old L1s each (S4), rodent genomes are significantly depleted of
ancestral elements. Together, these findings show a negative correlation between ancestral
retrotransposon content and rate of genome rearrangements, suggesting that increased
rates of genome rearrangements can strongly impact the genomic distributions of ancestral
retrotransposons. In addition, the large number of rodent specific evolutionary breakpoints
may explain why the genomic distribution of ancestral elements in mouse is discordant with
our other species. Specifically, ancient elements and old L1s in mouse accumulated in similar
regions, whereas in each of our other species ancient elements and old L1s accumulated in
almost opposite regions as defined by PC1 (Fig. 2,3a).
Conserved genome architecture drives the accumulation patterns of
lineage-retrotransposons
Across mammals, lineage-specific retrotransposons are responsible for the vast majority of
lineage-specific DNA gain (Kapusta et al. 2017). Throughout our sample-species we found
that new SINEs and new L1s independently accumulated in similar regions in different
species. These results suggest there is a high degree of conservation surrounding their
insertion mechanisms and genomic environments. Since, L1 conservation in mammals is well
documented in the literature and our new SINE families all replicate using L1 machinery,
mainly we spend this section discussing the role of conserved genome architecture (Ivancevic
et al. 2016; Vassetzky and Kramerov 2013).
Earlier, we discussed the importance of TADs and how they form a fundamental compo-
nent of conserved genome architecture. This same architectural framework may also shape
the accumulation pattern of lineage specific retrotransposons. TAD boundaries separate
the genome into regions comprised of genes that are largely regulated by a restricted set of
nearby enhancers. Moreover, TADs are subject to large-scale changes in chromatin structure,
where individual TADs are known to switch between open and closed chromatin states in a
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cell type-specific manner (Dixon et al. 2012). One method of capturing shifts in chromatin
state between TADs is to measure genome-wide replication timing (Pope et al. 2014). This is
because replication timing associates with the genomes accessibility to replication machinery.
Accessible regions that comprise an open chromatin structure replicate early while inaccessi-
ble regions with a closed chromatin structure replicate late. Genome-wide replication timing
follows a domain-like organisation, where large contiguous regions either replicate at earlier
or later stages of mitosis. Importantly, ERD boundaries directly overlap TAD boundaries,
supporting the notion that TADs are also fundamental units of large-scale chromatin state
organisation (Pope et al. 2014). Previously, LINE and SINE accumulation patterns were
associated with TAD and RD genome architecture, where LINEs were enriched in LRDs
and SINEs were enriched in ERDs (Hansen et al. 2010; Rivera-Mulia et al. 2015; Pope et al.
2014; Ashida et al. 2012). Unlike our analysis, these earlier studies decided not to separate
LINEs into ancestral and lineage-specific families. Despite this difference, Fig. 3 shows
that our results are consistent with earlier analyses, except for our observation that only
lineage-specific retrotransposon families are associated with replication timing. Therefore,
by separating L1s and SINEs according to period of activity, we observed much stronger
associations between replication timing and retrotransposon accumulation than previously
reported (Pope et al. 2014; Ashida et al. 2012). Since replication timing and boundaries
between TADs and RDs are conserved across mammalian species (Ryba et al. 2010; Yaffe
et al. 2010; Pope et al. 2014; Dixon et al. 2012), our results suggest that domain-level
genome architecture likely plays a role in shaping conserved lineage-specific retrotransposon
accumulation patterns.
While our species genomes are conserved at a structural level, conserved patterns of
lineage-specific retrotransposon accumulation can have significant evolutionary impacts.
new SINEs accumulate in ERDs which tend to be highly active gene-rich genomic regions.
However, despite the fact that all of our new SINE families follow L1 mediated replication,
they stem from unique origins. For example, Primate-specific Alu elements are derived from
7SL RNA and carnivora-specifc SINEC elements are dervided form tRNA (Quentin 1994;
Coltman and Wright 1994). Due to their large-scale accumulation patterns this means that
new SINEs in mammalian genomes simultaneously drive convergence in genome architecture
and divergence in genome sequence composition. This is especially important because SINEs
are also a large source of evolutionary innovation for gene regulation. In human, various
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individual Alu elements have been identified as bona fide enhancers with many more believed
to be proto-enhacers serving as a repertoire for birth of new enhancers (Su et al. 2014).
Similarly, in dog, mouse and opossum, lineage specific SINEs carry CTCF binding sites and
have driven the expansion of species-specific CTCF binding patterns (Schmidt et al. 2012).
Like new SINEs, new L1s also accumulate in similar regions in different species. However,
unlike new SINEs, lineage-specific mammalian L1 elements most likely stem from a common
ancestor (Furano et al. 2004). This means that individual new L1 elements in different
species are more likely than species-specific SINEs to share similar sequence composition
(Ivancevic et al. 2016). Therefore, LRDs, which are enriched for new L1s, may show higher
levels of similarity for genome sequence composition than ERDs, which are enriched for
new SINEs. Considering results from genome-wide alignments between mammals, this may
be counter intuitive, mainly because the surrounding sequence in new L1 enriched regions
exhibits poor sequence conservation (Fig. S16-S17). However, it is important to realise that
similar sequence composition is not the same as sequence conservation itself, especially at
the level of mammalian genome architecture. Sequence composition refers to the kinds of
sequences in a particular region rather than the entire sequence of the region itself. For
example, binding sites for the same transcription factor in different species are sometimes
located in similar regions yet differ in position relative to their target genes (Kunarso et al.
2010). So while genome-wide alignments may suggest low levels of genome conservation or
high levels of turnover, sequence composition within these regions remains similar and can
still be indicative of conserved function. Therefore with the accumulation of new L1s after
species divergence, it is likely that sequence conservation decreases at a much faster rate
than compositional similarity. For new L1s enriched in similar regions in different species,
this may have important functional consequences. Recently, highly conserved ancient KZFPs
were discovered to bind to members of both old and new L1 families in human (Imbeault
et al. 2017). This suggests that new L1s in humans may be interchangeable with old L1s
and play important roles in highly conserved gene regulatory networks. Therefore, because
new L1s in different species share similar sequences and their accumulation patterns are




A chromatin based model of retrotransposon accumulation
Analysis of repetitive elements in mammalian genome sequencing projects has consistently
revealed that L1s accumulate in GC-poor regions and their mobilised SINEs accumulate in
GC-rich regions (Lander et al. 2001; Gibbs et al. 2004; Chinwalla et al. 2002). Our results
were consistent with this and showed that accumulation patterns of new SINEs and new
L1s were conserved across species and corresponded with distinct genomic environments.
Since these elements both replicate via the same machinery, their accumulation patterns
are most likely shaped by how insertion of each element type interacts with its immediate
genomic environment. The current model of retrotransposon accumulation begins with
random insertion, constrained by local sequence composition, followed by immediate selection
against harmful insertions (Graham and Boissinot 2006; Gasior et al. 2007; Kvikstad and
Makova 2010). During early embryogenesis or in the germline, it is believed retrotransposons
in individual cells randomly insert into genomic loci that contain a suitable insertion motif.
Because this process is assumed to be random, new insertions can occasionally interrupt
essential genes or gene regulatory structures. These insertions are usually harmful, causing
the individual cell carrying them to be quickly removed from the population. This process of
purifying selection prevents harmful insertions from being passed down to the next generation
and plays a large role in shaping retrotransposon accumulation patterns. According to this
model, because of their size difference L1s are considered to have a more harmful impact on
nearby genes and gene regulatory structures than SINEs. New L1 insertion into GC-rich
regions, which are also gene-rich, are more likely to cause harm than if new SINEs inserted
into those same regions. Therefore, new L1s are evolutionary purged from GC rich regions
causing them to become enriched in gene-poor AT-rich regions. While this model is simple, it
fails to take into account the impact of chromatin structure that constrains retrotransposon
insertion preference. Therefore, we decided to analyse retrotransposon accumulation at the
level of large-scale chromosomal domains and fine-scale open chromatin sites.
Our results showed that lineage-specifc retrotransposons accumulated at the boundaries of
open chromatin sites. This was particularly striking as it appeared to reconcile insertion into
open chromatin with the risk of disrupting regulatory elements. Single cell analysis has shown
somatic retrotransposition events correlate with preferable insertion into open chromatin
sites or within actively expressed genes (Klawitter et al. 2016; Upton et al. 2015; Baillie
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et al. 2011). However, because open chromatin usually surrounds regulatory elements these
kinds of insertions can be a major cause of genetic disease (Wimmer et al. 2011). Therefore,
retrotransposons accumulate in open chromatin regions where their insertion is less likely
to disrupt regulatory elements. We further demonstrated the impact of retrotransposon
insertion by considering element insertion size. Our results showed that shorter L1s were
much more likely to insert close to open chromatin sites surrounding regulatory elements
than larger L1s. This suggested that L1 insertions were much more likely than Alu insertions
to impact on gene regulatory structures due to their larger insertion size. At this point, it
should be noted that chromatin state can be highly dynamic, switching between open and
closed states depending on cell type (ENCODE Project Consortium 2012). Importantly,
heritable retrotransposon insertions typically occur during embryogenesis or within the
germline. However, chromatin state data for these developmental stages and tissue samples
was unavailable. To overcome this limitation we aggregated data from a range of biological
contexts. The underlying assumption behind this strategy was that open chromatin sites
found in at least one cell likely contain regulatory elements that may be reused in another cell
type. By using this strategy, we increased the probability of capturing chromosomal domain
structures and regulatory element sites present in embryonic and germline cell states. While
our strategy may help overcome limitations regarding unavailable cell types, it is still not the
definitive test of our model of retrotransposon insertion into open chromatin. Ultimately,
the necessary data would require a robust cell-line with tens to hundreds of thousands
of known de novo retrotransposon insertions complete with genome-wide chromatin state
data. Under our model we would expect that de novo insertions would be enriched in
open chromatin sites. Additionally, because of relaxation in selective pressures in cell-line,
insertions would not necessarily accumulate at regulatory element boundaries like they do in
reference genomes. Alternatively, if chromatin state were not a driving factor shaping initial
insertion accumulation patterns, we would expect no observable increase in insertion rates
at open chromatin sites. Previously, a similar approach was used in HeLa cells and proved
to be very powerful in identifying the sequence context of L1 insertions and L1 mediated
genomic rearrangements (Gilbert et al. 2002, 2005). This was largely because cell-lines make
it possible to disentangle the confounding effects of retrotransposon activity and purifying
selection at insertion sites.
An important aspect of both our refined model and the current model of retrotransposon
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accumulation is the immediate evolutionary impact of retrotransposon insertions. Specifically,
at what rate do embryonic and germline retrotransposition events occur and what proportion
of these events escape purifying selection? Answering this question is a challenging task
primarily limited by the availability of samples at the correct developmental time periods.
Ideally we would require genome sequencing data from a large population of germline or
embryonic cells derived from a similar genetic background. Given that data, we could identify
new insertions before they have undergone selection and compare their retrotransposition rates
to retrotransposition rates inferred from population data. Alternatively, retrotransposition
rates have been measured in somatic cells and stem-cell lines. In hippocampal neurons
and glia, L1 retrotransposition occurs at rates of 13.7 and 6.5 events per cell, where in
human induced pluripotent stem cells retrotransposition rates are approximately 1 event per
cell (Klawitter et al. 2016; Upton et al. 2015). In neurons, L1 insertions were enriched in
neuronally expressed genes and in human induced pluripotent stem cells, L1s were found
to insert near transcription start sites, disrupting the expression of some genes (Klawitter
et al. 2016; Upton et al. 2015; Baillie et al. 2011). This suggests L1s are particularly active
in humans, able to induce a large amount of variation and disrupt gene regulation and
function. It is also important to note that the estimated L1 heritable retrotransposition rate
is approximately one event per 95 to 270 births (Ewing and Kazazian 2010), suggesting that
many insertions are removed from the germline cell population. For Alu elements this rate is
much greater, Alu elements are estimated to undergo heritable retrotransposition at a rate
of one event per 20 births (Cordaux et al. 2006). These findings support the notion that
the majority of retrotransposon insertions are likely to be evolutionarily purged from the
genome.
In summary, by analysing open chromatin sites, we found that 1) following preferential
insertion into open chromatin domains, retrotransposons were tolerated adjacent to regu-
latory elements where they were less likely to cause harm; 2) element insertion size was
a key factor affecting retrotransposon accumulation, where large elements accumulated in
gene poor regions where they were less likely to perturb gene regulation; and 3) insertion
patterns surrounding regulatory elements were persistent at the gene level. From this we
propose a significant change to the current retrotransposon accumulation model; rather
than random insertion constrained by local sequence composition, we propose that insertion
is instead primarily constrained by local chromatin structure. Therefore, L1s and SINEs
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both preferentially insert into gene/regulatory element rich euchromatic domains, where L1s
with their relatively high mutational burden are quickly eliminated via purifying selection
at a much higher rate than SINEs. Over time this results in an enrichment of SINEs in
euchromatic domains and an enrichment of L1s in heterochromatic domains.
Conclusion
In conjunction with large scale conservation of synteny (Chowdhary et al. 1998), gene
regulation (Chan et al. 2009) and the structure of RDs/TADs (Dixon et al. 2012; Ryba et al.
2010),our findings suggest that large scale positional conservation of old and new non-LTR
retrotransposons results from their association with the regulatory activity of large genomic
domains. Therefore we propose that similar constraints on insertion and accumulation of
clade specific retrotransposons in different species can define common trajectories for genome
evolution.
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Figure 1. Overview of humanising retrotransposon distributions. a, Genomes are segmented
and filtered according to a minimum mapping fraction threshold, removing poorly represented
segments from both species. The black X shows which segments were not able to reach the
minimum mapping fraction threshold. b, Fragments of query species’ genome segments are
matched to their corresponding human genome segments using genome alignments. c, Query
species genomes are humanised following equation 1. d, Pairwise genomic correlations are
measured between each humanised retrotransposon family and each human retrotransposon
family. e, The effect of humanising on retrotransposon density distributions is measured
by performing a Kolmogorov-Smirnov test between the humanised query retrotransposon
density distribution and the filtered query retrotransposon density distribution. f, The effect
of filtering on retrotransposon density distributions is measured by performing a Kolmogorov-
Smirnov test between the segmented human retrotransposon density distribution and the
filtered human retrotransposon density distribution. g, The pairwise correlation analysis
results and the P-values from the Kolmogorov-Smirnov tests are integrated into heatmaps


































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































new SINE new L1 old L1 ancient
Figure 2. Similar genomic distributions of retrotransposons across mammals.
Principal Component 1 and Principal Component 2 of non-human and non-mouse genome
retrotransposon content, each vector loading has been coloured according to the retro-
transposon group it represents. Principal components have been renamed according to the




















































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































new SINE new L1 old L1 ancient
Figure 3. Genomic disttibutions of retrotransposons associate with distinct
genomic environments. a, PCA of human and mouse retrotransposon content and
mean genome replication timing in human HUVEC cells and mouse EpiSC-5 cells. b,
Retrotransposon density per non-overlapping 50 kb intervals from a pooled set of ERD
boundaries across all 16 human cell lines. Black dashed lines indicate 2 standard deviations








































































































































Figure 4. Genome-wide spatial correlations of humanised retrotransposon fam-
ilies. Heatmap colours represent Pearson’s correlation coefficient for genomic distributions
between humanised a, dog and human retrotransposon families, and humanised b, horse
and human retrotransposon families. Values at the top left of each heatmap reflect the
proportion of each genome analysed after filtering at a 10% minimum mapping fraction
threshold (Fig. 1a). Dog and horse P-values represent the effect of humanising on filtered
non-human retrotransposon density distributions (Fig. 1e). Human P-values represent the




































































Figure 5. Retrotransposon accumulation patterns are conserved across mam-
mals. a, Top 10% of genome segments based on retrotransposon density of new SINEs
and new L1s. b, Top 10% of genome segments based on retrotransposon density of ancient
elements and old L1s. In both a and b, segments for non-human genomes were ranked
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Figure 6. Retrotransposon accumulation occurs in open chromatin near regula-
tory regions. a, The activity of DNase1 clusters in cERDs and cLRDs. DNase1 clusters
were identified by merging DNase1 hypersensitive sites across 15 tissues. Their activity
levels were measured by the number of DNase1 hypersensitive sites overlapping each DNase1
cluster. b, Retrotransposon density of non-exonic regions and DNase1 clusters in cERDs
and cLRDs. c, Observed minus expected retrotransposon density at the boundary of DNase1
clusters corrected for interval size bias (see methods). Expected retrotransposon density
was calculated as each group’s non-exonic total retrotransposon density across cERDs and
cLRDs. A confidence interval of 3 standard deviations from expected retrotransposon density
was also calculated, however the level of variation was negligible.
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Figure 7. Retrotransposon insertion size is inversely proportional to local reg-
ulatory element density. a, Observed to expected ratio of retrotransposon position
coverage depth measured from consensus 30 end. Expected retrotransposon position coverage
depth was calculated as total retrotransposon coverage over consensus element length. We
used 6 kb as the consensus new L1 length and 300 bp as the consensus Alu length. b, New
L1 and Alu position density ratio (cERDs:cLRDs). c, Alu and d, new L1 observed over
expected retrotransposon insertion rates at DNase1 cluster boundaries in cERDs and cLRDs.
Insertion rates were measured by prevalence of 30 ends and expected levels were calculated















































































Figure 8. Retrotransposon accumulation within intergenic and intronic regions
correlates with the distribution of DNase1 clusters. Density of DNase1 clusters
and retrotransposons at each position upstream and downstream of genes and exons in
a, intergenic and b, intronic regions. For DNase1 clusters, dotted lines represent exon
overlapping clusters and solid lines represent clusters that do not overlap exons. For
retrotransposons, solid lines represent the uncorrected retrotransposon density at exon and
gene boundaries. Bar plots show expected retrotransposon density across cERDs and cLRDs.
Highlighted regions outline DRBZs, regions extending from the gene or exon boundary to




Divergent genome evolution caused by regional variation
in DNA gain and loss in human and mouse
Retrotransposons are responsible for the vast amount of ‘new’ DNA across mammals,
as their accumulation causes genomes to grow in size. However, for genome evolution,
DNA gain from retrotransposition is only half the story. Across mammals, DNA loss
through deletion occurs at a similar rate as DNA gain through retrotransposon insertion.
In this chapter I develop a technique for mapping DNA gain and loss events across
distantly related species. I measured regional variation in DNA gain and loss rates across
human and mouse and found that different sources of DNA turnover drive lineage-specific
evolution of genome architecture. This chapter is in the format of a manuscript that has
been submitted to the journal eLife.
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The forces driving the accumulation and removal of non-coding DNA and ultimately the
evolution of genome size in complex organisms are intimately linked to genome structure
and organisation. Our analysis provides a novel method for capturing the regional variation
of lineage-specific DNA gain and loss events in their respective genomic contexts. To further
understand this connection we used comparative genomics to identify genome-wide individual
DNA gain and loss events in the human and mouse genomes. Focusing on the distribution
of DNA gains and losses, relationships to important structural features and potential impact
on biological processes, we found that in autosomes, DNA gains and losses both followed
separate lineage-specific accumulation patterns. However, in both species chromosome
X was particularly enriched for DNA gain, consistent with its high L1 retrotransposon
content required for X inactivation. We found that DNA loss was associated with gene-rich
open chromatin regions and DNA gain events with gene-poor closed chromatin regions.
Additionally, we found that DNA loss events tended to be smaller than DNA gain events
suggesting that they were more tolerated in open chromatin regions. GO term enrichment
in human gain hotspots showed terms related to cell cycle/metabolism, human loss hotspots
were enriched for terms related to gene silencing, and mouse gain hotspots were enriched for
terms related to transcription regulation. Interestingly, mouse loss hotspots were strongly
enriched for terms related to developmental processes, suggesting that DNA loss in mouse is
associated with phenotypic changes in mouse morphology. This is consistent with a model
in which DNA gain and loss results in turnover or ”churning” of regulatory regions that are





Evolution as a result of natural selection has led to many streamlined forms which follow 2
directly from their function. However, in the case of genome evolution of complex organisms 3
this connection is not quite so direct. One example is the evolution of genome size. In 4
vertebrates, gene content has remained relatively constant, while the fraction of non-coding 5
DNA varies drastically (Gregory 2005; Elliott and Gregory 2015; Gregory 2001). This 6
observation is at the heart of the C-value enigma and raises many questions regarding the 7
molecular drivers and evolutionary impacts of genome size variation. The major factor 8
contributing to the total non-coding DNA genomic fraction is transposon load, due to mobile 9
DNA elements that have actively replicated throughout evolution (Gregory 2001; Elliott 10
and Gregory 2015). In humans, since their divergence from the common placental ancestor, 11
transposon activity has caused approximately 815 Mb of DNA gain, almost one third of their 12
extant genome (Kapusta et al. 2017; Lander et al. 2001). However, this is not the only factor 13
driving genome size evolution. DNA loss via deletion also plays a role, with approximately 14
650 Mb of the human genome being lost over the same time period (Kapusta et al. 2017). 15
Across mammals and birds these two forces operate in opposition to each other leading to 16
the accordion model of genome evolution, where departures from this DNA gain and loss 17
equilibrium cause genomes to either grow or shrink (Kapusta et al. 2017). Importantly, our 18
understanding of DNA gain and loss stems from genome-wide estimates rather than detection 19
of individual events. Therefore, the role of genome structure on widespread DNA gain and 20
loss and its subsequent impact on lineage-specific species evolution remains unknown. 21
The ‘accordion’ model of genome size evolution raises important questions regarding 22
the roles of natural selection and genetic drift. Genome size, like any other heritable trait, 23
is shaped by a combination of both of these factors (Lynch and Walsh 2007). However, 24
the contribution of each mechanism in diverse taxa remains an open question in biology, 25
with evidence to support the impact of each (Whitney and Garland Jr 2010). For genome 26
evolution driven by selection there are observations of various phenotypic correlates consistent 27
across both mammals and birds. One example is the evolution of powered flight in bats and 28
birds which requires a high metabolic rate. Because metabolism is more efficient in smaller 29
cells, it has been suggested that in flying species there is particularly strong selection pressure 30
against genome growth (Wright et al. 2014; Vinogradov and Anatskaya 2006; Kapusta et al. 31
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2017). Alternatively, observed genome size variation can result from neutral evolutionary 32
processes. Many higher order vertebrates have low effective population sizes resulting from 33
reduced efficiency of selection (Lynch and Conery 2003), suggesting that neutral or mildly 34
deleterious mutations such as some transposon insertions can easily reach fixation. Moreover, 35
as transposons quickly accumulate the probability of deletions through non-allelic homologous 36
recombination also increases, counteracting their initial impact on genome growth (Hedges 37
and Deininger 2007; Petrov et al. 2003). Within this context, the accordion model is an 38
emergent property based on transposon accumulation dynamics. Importantly, the signatures 39
of selection for an optimal genome size are not always consistent; the Chinese tree shrew 40
has a high metabolic rate but a relatively large genome of 2.86 GB (Fan et al. 2013). This 41
suggests that the role selection plays in driving genome size evolution is likely taxon-specific. 42
Further, neither mechanism takes into account the underlying genome structure. 43
The genomic DNA of complex organisms is wrapped around nucleosomes and packaged 44
into various conformations that regulate the access of different gene regulatory factors to 45
their target sites. This hierarchical genome structure means that the impact and likelihood 46
of particular mutations is highly context-specific, resulting in regional variation in both the 47
susceptibility and tolerance to mutations. Here, susceptibility is the likelihood of a mutation 48
occurring and tolerance is the degree to which the mutation does not adversely impact fitness. 49
The observed accumulation patterns of DNA gain and loss events arise from the interaction 50
of region-specific susceptibility and tolerance. For example, small ( 30 bp) insertion or 51
deletion (indel) events in the human genome are correlated with recombination rate and are 52
enriched for topoisomerase cleavage sites (Kvikstad et al. 2009, 2007). This suggests that 53
the biological role of certain regions may cause them to be particularly susceptible to indel 54
mutations. In the case of larger events such as transposon insertions, the prevailing model 55
suggests that long interspersed elements (LINEs) accumulate in gene-poor regions where 56
they are most tolerated (Gasior et al. 2007). The evolution of genome size via DNA gain 57
and loss is not only shaped by higher order factors such as cell size and metabolic rate, but 58
is intimately linked to the underlying genome structure. 59
To better characterise the molecular drivers and evolutionary impacts of DNA gain and 60
loss, we calculated lineage-specific gain and loss rates across the human and mouse genomes. 61
Human and mouse were chosen specifically for three reasons. Firstly, both species have well 62
characterised genomes with highly accurate and well annotated assemblies (Lander et al. 63
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2001; Chinwalla et al. 2002) and have both been used frequently in comparative genomic 64
analyses resulting in many easily accessible pairwise alignment datasets available on the 65
UCSC genome browser (Tyner et al. 2016). This makes it possible to compare them to 66
a wide variety of outgroup species and detect genomic features that associate with DNA 67
gain and loss. Secondly, the mouse genome is significantly smaller than the human genome, 68
making it possible to detect a large number of lineage-specific deletion events (Chinwalla et al. 69
2002; Laurie et al. 2012). Finally, human and mouse genomes contain similar lineage-specific 70
transposon families (Chinwalla et al. 2002). This means that both species share similar 71
mechanisms for DNA gain, making it easier to compare differences between associations with 72
other types genomic features. 73
For our analysis, we detected DNA gain and loss events using two distinct, yet comple- 74
mentary, methods from which we characterised DNA gain and loss hotspots. From this we 75
compared the genomic distributions of our hotspots to the genomic distribution of various 76
features associated with genome evolution and genes that participate in particular biolog- 77
ical processes. Our results revealed that DNA gains and losses occur in different regions 78
across autosomes, while DNA gains from both species are particularly enriched on the X 79
chromosome where they overlap. DNA gain events generally associate with L1 accumulation 80
and DNA loss occurs in regions associated with biological activity such as transcription and 81
regulation. Although DNA gain and loss in human occurred mostly in different regions, 82
they both tended to impact on the same biological processes, while in mouse DNA loss 83
was enriched for developmental genes and DNA gain did not associate with any particular 84
biological process. 85
Materials and methods 86
Net data structure and feature extraction 87
For feature extraction, nets were obtained from the UCSC genome browser (Kent et al. 2002, 88
2003). Nets are a common format for representing pairwise genome alignments. Each net 89
contains chained blocks of aligning sequence shared between a reference and a query genome. 90
In order for alignment blocks to be chained together their ordering must be consistent 91
between both genomes. Often gaps between chained blocks can contain smaller chains. It is 92
this hierarchical structuring of the highest scoring chains at the top level with lower scoring 93
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chains filling in alignment gaps that makes nets. Importantly, in the reference genome 94
nets provide only a single layer of coverage. However, two separate nets may occasionally 95
overlap in the query; this is usually caused by segmental duplication in the reference. These 96
conflicts were resolved by discarding all reference nets that did not overlap nets generated 97
from a query reference alignment. Following this filtering process, only reciprocal best hit 98
(RBH) nets remained. In our analysis we referred to alignment blocks within a chain as 99
‘chain-blocks’ and the spaces between chain-blocks also within a chain as ‘chain-gaps’. The 100
start and end coordinates in both the reference and query genome were recorded for each 101
chain-block and chain-gap. The programs get gaps net.go and get fills net.go were used 102
to extract all chain-gaps. Regions of chain-gaps that were overlapped by chain-blocks in 103
lower ranked chains were discarded. Additionally, regions that were discarded as non-RBHs 104
or fell outside of nets were plotted against synteny blocks to determine the loci hidden 105
from our analysis in both species. Synteny data was obtained from the synteny portal 106
(http://bioinfo.konkuk.ac.kr/synteny_portal/) (Lee et al. 2016). 107
Identifying ancestral elements 108
Chain-blocks were extracted from all genomes identified as outgroups to human and mouse. 109
They were combined into a single file and merged using the bedtools genomecov function 110
with the ‘-bg’ option. This process returned a set of potential ‘ancestral elements’ along 111
with their corresponding coverage depth. To identify false-positives and estimate the type 1 112
error rate, we used the genomic positions of a set of known lineage-specific repeat families 113
in human and mouse, since lineage-specific repeat insertions should not overlap ancestral 114
elements. The percentage overlap of our lineage-specific repeats set with ancestral elements 115
was measured at each minimum coverage level. A similar approach was used to estimate the 116
type 2 error rate; the type 2 error rate was estimated as the percentage of chain-blocks that 117
did not overlap ancestral elements. To minimise our type 1 errors we selected a minimum 118
coverage depth threshold independently for both hg19 and mm10, where nucleotide positions 119
with coverage depth below the threshold were not considered as ancestral elements. The 120
basis for this approach was that nucleotide positions in our reference genomes that aligned 121
to a large number of outgroup species were highly likely to share ancestry with those species. 122
In contrast, nucleotide positions in our reference genomes that aligned to very few outgroup 123
species were likely errors caused by spurious alignments between complex regions that are 124
6/43
67
difficult to map. Importantly, reductions in our type 1 error caused an increase in our type 125
2 error. Therefore, we chose the highest possible minimum coverage threshold, where the 126
gain in the cumulative proportion of type 1 errors from lower threshold values was greater 127
than the gain in proportional increase of type 2 errors. 128
Identifying recent transposon insertions 129
For both hg19 and mm10, genomic coordinates for transposons were obtained from the 130
Repeat Masker database (Smit et al. 2015). Based on their overlap with chain-blocks or 131
ancestral elements, individual transposons were classified as either recent or ancestral. In 132
addition to this, the percent divergence from consensus family sequence and the proportion 133
of total sequences of transposon family members that overlapped ancestral elements or 134
chain-blocks were calculated. This data was then used in linear discriminant analysis to 135
build a transposon family classifier. Our classifier was trained using the original individual 136
transposon classifications. After training, entire families were classified as either recent 137
or ancient using the family-wise means of the feature values. Finally, transposons from 138
families classified as recent but overlapping gaps between reference and query were classed 139
as lineage-specific insertions. 140
Gap annotation and placement 141
Chain-gaps extracted from nets were annotated as either DNA gain or DNA loss based on 142
two distinct yet complementary annotation methods; the recent transposon-based method 143
and the ancestral elements based method. The ancestral element-based method infers the 144
ancestral state of a gap. For example, an mm10 gap overlapping an ancestral element would 145
be annotated as an mm10 loss, whereas the same gap not overlapping an ancestral element 146
would be annotated as an hg19 gain. The recent transposon-based method instead identifies 147
DNA gains. In this case an mm10 gap overlapping a recent transposon would be annotated 148
as an hg19 gain, while an mm10 gap not overlapping a recent transposon would be annotated 149
as an mm10 loss. 150
After all chain-gaps between a reference and query were annotated in both genomes, the 151
remaining non-aligning sequences were ‘placed’ in the genomes they were absent from. This 152
process is referred to as ‘gap placement’ and is performed on the non-aligning sequence of 153
chain-gaps that remain in the reference genome after a reference query alignment. These 154
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non-aligning reference sequences are absent from the query and are either the result of DNA 155
gain in the reference or DNA loss in the query. Using the coordinate mappings of the 50 156
and 30 adjacent chain-blocks of each chain-gap, the non-aligning reference sequence of a 157
chain-gap is inserted into the query genome at the corresponding position, where placed 158
gaps are oriented relative to the genome they are placed in. Importantly, gap placement 159
begins by placing chain-gaps at the bottom chain level of nets and ends by placing chain-gaps 160
at the top chain level. This process ensures that non-aligning sequence in overlapping 161
chain-gap annotations caused by hierarchical structure of nets are only placed once. Once 162
the corresponding position of a gap has been identified, the downstream query coordinates 163
are incremented by the size of the annotated chain-gap being placed. This creates a synthetic 164
genome consisting of DNA gains and losses that occurred across both the reference and 165
query lineages. The total length of our synthetic genomes is equal to the total length of 166
the query genome and the total length of annotated chain-gaps from the reference. Finally, 167
the synthetic genomes were segmented at a window size of 200kb into distinct genomic bins 168
where the total size of each gap annotation was tallied. Genomic bins with less than 150 kb 169
that did not belong to assembly gaps or non-RBH regions were discarded. Importantly, our 170
decision to use a synthetic genome meant that placed chain-gaps larger than our window 171
size would spread across window boundaries, ensuring that genomic bins would contain no 172
more than 200 kb of sequence. 173
Hotspot identification 174
Hotspots for reference gain, reference loss, query gain and query loss in both hg19 and 175
mm10 were identified using the Getis-Ord local statistic found in the R package ‘spdep’ 176
(Bivand et al. 2013; Bivand and Piras 2015). The Getis-Ord local statistic for genomic bin i 177
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for each bin and each gap annotation in both genomes, all G⇤
i
values were 184
converted to P-values and adjusted for multiple testing using the false discovery rate (FDR). 185
Bins were only considered hotspots if their G⇤
i
was > 0 and had a FDR < 0.05. 186
Obtaining genomic features 187
A set of genomic features was obtained from a range of sources to identify factors potentially 188
driving DNA gain and loss. GC content was calculated as the proportion of chain-blocks per 189
bin using the hg19 and mm10 Biostrings-based genome R packages (Team TBD 2014a,b; 190
Pages 2017). CpG islands for both hg19 and mm10 were obtained from the UCSC genome 191
browser (Tyner et al. 2016). DNaseI hypersensitivity (DNaseI HS) peaks for hg19 were 192
obtained from UCSC as part of the DNaseI master track (http://hgdownload.cse.ucsc. 193
edu/goldenpath/hg19/encodeDCC/wgEncodeAwgDnaseMasterSites/). The master track 194
was generated by combining DNaseI HS sites from across 125 cell lines produced by the 195
University of Washington and Duke University ENCODE groups (ENCODE Project Con- 196
sortium et al. 2012). The Individual cell line data can be located using the accessions 197
GSE29692 and GSE32970. DNaseI HS peaks for mm10 were obtained from UCSC as individ- 198
ual samples mapped to mm9 (https://genome.ucsc.edu/cgi-bin/hgFileUi?db=mm9\&g= 199
wgEncodeUwDgf). Individual peaks from each sample were merged into a single file, creating 200
a single set of DNase1 HS peaks. The merged mm9 peaks were then converted to the mm10 201
assembly using the UCSC liftover tool (Hinrichs et al. 2006). Mouse DNaseI HS peaks were 202
generated using DNaseI digital genomic foot-printing performed by the University of Wash- 203
ington ENCODE group (ENCODE Project Consortium et al. 2012). This data can also be ob- 204
tained using the accession GSE40869. Recombination rates for human were identified as part 205
of the HapMap project (ftp://ftp.ncbi.nlm.nih.gov/hapmap/recombination/2011-01_ 206
phaseII_B37/)(International HapMap Consortium et al. 2007). However, recombination 207
hotspots were only available for earlier phases of the HapMap project (ftp://ftp.ncbi.nlm. 208
nih.gov/hapmap/recombination/2006-10_rel21_phaseI+II/hotspots/). The hotspots 209
were initially mapped to hg17 and then converted to hg19 coordinates using the UCSC 210
liftover tool. Recombination hotspots were identified using the methods outlined in Winck- 211
ler et al. (2005) and McVean et al. (2004). Recombination rates and hotspots in mouse 212
were calculated in mm9 based on two separate datasets (Brunschwig et al. 2012; Kirby 213
et al. 2010; Yang et al. 2011). They were converted to mm10 using the UCSC liftover 214
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tool. Importantly, recombination data was only available for mouse autosomes. During 215
enrichment tests this was taken into account by removing the sex chromosomes from the 216
sample space. Exons and introns for both hg19 and mm10 were extracted from UCSC genome 217
annotations available from TXDB R packages (Carlson 2015, 2016; Lawrence et al. 2013). 218
Retrotransposon coordinates for hg19 and mm10 were obtained from the Repeat Masker 219
database (http://www.repeatmasker.org/genomicDatasets/RMGenomicDatasets.html) 220
(Smit et al. 2015). The Repeat Masker version used for hg19 and mm10 was open-4.0.5 with 221
repeat library 20140131. Retrotransposons were sorted into the following categories: ancient 222
elements, ancestral L1s, lineage-specific L1s and lineage-specific SINEs using prefixes for 223
families of known lineage-specific and ancestral activity (Giordano et al. 2007). Ancient 224
elements were identified by the class names ’SINE/MIR’ and ’LINE/L2’. Ancestral L1s were 225
identified using the family name prefixes ’L1ME’, ’L1MD’, ’L1MC’, ’L1MB’ and ’L1MA’. 226
Human lineage-specific L1s were identified using the family name prefixes ’L1PB’, ’L1PA’ 227
and ’L1HS’. Mouse lineage-specific L1s were identified using the family name prefixes ’Lx’, 228
’L1Md’, ’L1 Mus’, ’L1 Mur’ and ’L1 Mm’. Human lineage-specific SINEs were identified 229
using the family name prefix ’Alu’. Mouse lineage-specific SINEs were identified using the 230
family name prefixes ’PB’, ’B1’, ’B2’, ’B3’ and ’B4’. Lamina associated domains (LADs) for 231
hg19 were obtained from the UCSC genome browser (http://hgdownload.soe.ucsc.edu/ 232
goldenPath/hg19/database/laminB1Lads.txt.gz) (Guelen et al. 2008). LADs for mouse 233
were constitutive across several samples and were obtained using the accession GSE17051, 234
they were converted from mm9 assembly to mm10 assembly using the UCSC liftover tool 235
(Peric-Hupkes et al. 2010). For each feature, except recombination rate, the per 200 kb 236
coverage level for each bin was calculated. For recombination rate the mean rate per bin 237
was used. 238
Genomic feature enrichment 239
Feature enrichment was detected on the basis of a permutation test. For each feature and 240
hotspot in both hg19 and mm10, a background distribution was generated by calculating the 241
difference in means between a set of resampled hotspot and non-hotspot bins 10,000 times, 242
resampling was performed without replacement. The background distribution was then used 243
to convert the differences in means between observed hotspot and non-hotspot bins into 244
a Z-score to allow standardisation between features and gap annotations and provide the 245
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direction of the association. 246
GO term enrichment analysis 247
Gene ontology (GO) term enrichment was calculated using the topGO package in R (Alexa 248
and Rahnenfuhrer 2016). Genes within each hotspot region were independently tested against 249
the genomic background. For enrichment, the Fisher test was used in combination with 250
four separate algorithms: the classic algorithm treats each term independently whereas 251
the elim, weight and parent-child algorithms factor in the GO inheritance structure (Alexa 252
et al. 2006; Grossmann et al. 2007; Ashburner et al. 2000); the elim algorithm removes all 253
genes annotated to a significantly enriched GO term from all of the terms ancestors; the 254
weight algorithm behaves similarly, instead of removing genes from the ancestors of enriched 255
GO terms, it creates a more subtle effect by reducing the weight of genes annotated to 256
the ancestors of enriched GO terms (Alexa et al. 2006); for the parent-child algorithm, the 257
enrichment score for a particular term takes into account the probability a random set of 258
genes of the same size contains the same exact parents (Grossmann et al. 2007). Because 259
these algorithms adjust the enrichment probabilities they obviate the need to account for 260
multiple testing (Alexa and Rahnenfuhrer 2016). 261
Software and data analysis 262
All statistical analyses were performed using R including the packages GenomicRanges, 263
RMySQL, dplyr and Bioconductor (R Core Team 2015; Lawrence et al. 2013; Ooms et al. 264
2016; Wickham and Francois 2015; Gentleman et al. 2004). Code used to perform analyses 265
can be found at: https://github.com/AdelaideBioinfo/regionalGenomeTurnover. 266
Results 267
Detecting DNA gain and loss events. 268
Across genomes and throughout evolution DNA is frequently gained and lost by the processes 269
of insertion and deletion. To identify individual events and quantify DNA gain and loss 270
at a regional level in hg19 and mm10, we obtained pairwise alignment data between both 271
genomes in the form of nets from the UCSC genome browser (methods) (Tyner et al. 2016; 272
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Kent et al. 2003). By taking advantage of the data’s hierarchical structure we were able to 273
estimate DNA gain and loss in regions that have undergone rearrangements. We processed 274
our data in three distinct steps; 1) extract features (Fig. 1a), 2) annotate gaps (Fig. 1b-c) 275
and 3) place gaps (Fig. 1d). 276
For step 1, chain-gaps and chain-blocks were extracted from nets considering only chain- 277
gaps of at least 10 bp in size (Fig. 1a) (methods). Our approach allowed us to keep track of 278
each feature’s position in both the reference and query genome. This is especially important 279
since it is not possible to identify deletions when the corresponding coordinates between 280
species are lost. After extracting features we found that approximately 111 Mb of hg19 and 281
174 Mb of mm10 were not contained within nets (Table 1). Alignment gaps that didn’t 282
belong to any nets in human and mouse tended to overlap regions between two conserved 283
synteny blocks (Fig. S1-S2). With the remaining features extracted from hg19 and mm10, 284
we used the corresponding coordinates between reference and query to identify features 285
that were reciprocal best hits (RBHs). This removed features in the reference genome that 286
mapped to similar locations in the query, which are likely the result of segmental duplication. 287
After filtering out non-net and non-RBH regions, 1014.3 Mb of chain-blocks and 1465.8 Mb 288
of chain-gaps remained in hg19, and 994.4 Mb of chain-blocks and 1191.5 Mb of chain-gaps 289
remained in mm10 (Table 1). Since our processed nets for each genome are supposed to 290
only contain RBH features, it is expected that the coverage of chain-blocks should be equal 291
between hg19 and mm10. To determine the source of this discrepancy, we analysed the 292
number of chain-gaps bellow our minimum size cut off and found that when these were taken 293
into consideration the difference in chain-block size was reduced to approximately 1 Mb. 294
Next, for step 2 we annotated chain-gaps as either lineage-specific DNA gain or DNA 295
loss. To annotate gaps we used two complementary methods, an ancestral elements-based 296
method and a recent transposon-based method. The ancestral element-based method uses 297
outgroup species to annotate gaps by inferring their ancestral state (Fig. 1b). For example, 298
if a particular sequence between a reference and outgroup is conserved but presents as a gap 299
in the query it is likely that this sequence was lost from the query. Alternatively, if this 300
particular sequence in the reference presents as a gap in both the query and the outgroup it is 301
likely that this sequence was instead gained in the reference. An important consideration for 302
identifying ancestral elements is the type 1 (false positive) and type 2 (false negative) error 303
rates, where type 1 errors are lineage-specific regions annotated as ancestral elements and 304
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type 2 errors are ancestral regions annotated as lineage-specific. To reduce our type 2 error 305
rate we obtained the genomes of a large range of human and mouse outgroup species from 306
the UCSC genome browser (Table S2). Across all of our outgroup species we extracted all the 307
chain-blocks and merged overlapping intervals to create our ancestral elements. This strategy 308
increased the chance of finding ancestral DNA in our reference that may have been lost in 309
one or more of our outgroup species. For both hg19 and mm10 we found that total genome 310
coverage of ancestral elements reached asymptotic levels at approximately 18 outgroup 311
species (Fig. S3). However, this strategy also came with the trade-off of increasing our type 312
1 error rate. To control error rates we measured how type 1 and type 2 errors responded 313
to changes in coverage depth of outgroup chain-blocks at each position in hg19 and mm10 314
(Fig. S4). Based on these results we annotated human ancestral elements at an outgroup 315
coverage depth   6 and mouse ancestral elements at an outgroup coverage depth   4 (Fig. 316
S4). This strategy removed > 85% ancestral elements overlapping known lineage-specific 317
repeats in mouse and > 95% of ancestral elements overlapping known lineage-specific repeats 318
in human. For remaining chain-blocks, we found that 94.2% in human and 85.2% in mouse 319
were supported by our annotated ancestral elements (Table 1). Our very low error rate in 320
human indicates that we were able to accurately determine the amount of mm10 DNA loss 321
and hg19 DNA gain. However, our error rates in mm10 suggest that ancestral regions alone 322
are insufficient to accurately estimate hg19 DNA loss and mm10 DNA gain. 323
To complement and overcome potential shortcomings of the ancestral element-based 324
method of estimating DNA gain and loss, we adopted a recent transposon-based method. We 325
identified transposon families with lineage-specific activity and used them to annotate gaps 326
as lineage-specific DNA gain or loss (Fig. 1c). For example, recent transposon sequences in 327
hg19 that overlap gaps in mm10 are annotated as hg19 gains, where ancestral transposon 328
sequences in hg19 that overlap gaps in mm10 are annotated as mm10 losses. This approach 329
has been used previously to identify DNA loss in the mouse and human lineages (Chinwalla 330
et al. 2002; Hardison et al. 2003). 331
In order to annotate gaps using the recent transposon method, we first had to identify 332
transposon insertions that occurred after mouse and human diverged from their common 333
ancestor. Because transposon families have undergone distinct bursts of activity at particular 334
points in time, we decided to classify transposon families as either ‘recent transposons’ or 335
‘ancestral transposons’, and use members of those respective classifications to annotate 336
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our chain-gaps. The main challenge in this approach is identifying lineage-specific activity 337
of transposons. Generally, transposon families are considered to be ancestral transposon 338
families when they are shared between two species. However, there is a possibility some 339
ancestral transposon families may have been active during the period of human and mouse 340
divergence and continued replicating in each lineage independently. This means families that 341
would have been otherwise classified as ancestral transposons may have actually undergone 342
varying amounts of lineage-specific transposition. 343
To overcome the problem of misclassifying the activity of otherwise ancestral transposon 344
families, we used linear discriminant analysis to build a transposon family classifier for 345
both human and mouse. We initially obtained transposon coordinates from the Repeat 346
Masker database and classified individual transposons as ‘ancestral transposons’ if they 347
overlapped ancestral elements or chain-blocks and as ‘recent transposons’ if they did not. 348
Next, we trained our classifier using two separate variables. The first variable was each 349
transposon’s percent divergence from their family consensus sequence, often used as an 350
indicator of transposon age (Kapitonov and Jurkal 1996; Smit et al. 1995). The second 351
variable was the proportional overlap between each transposon family and ancestral elements 352
or chain-blocks as measured by bp coverage. After training we used our classifier to group 353
each family based on the family-wise means for the variables above (Fig. S5). We identified 354
656 recent human transposon families and 689 recent mouse transposon families. Our results 355
suggest that at least 176 families were active during human and mouse divergence leading 356
to a mixture of both ancestral and lineage-specific insertions (Table S1). Moreover, the 357
percent divergence of these families is consistent with transposon activity occurring after the 358
evolution of ancestral transposons and prior to the evolution of lineage-specific transposons 359
(Fig. S6). Surprisingly, we also identified some transposon families that were not shared 360
between human and mouse, and yet were annotated as ancestral. However, these families 361
were usually small and together they covered less than 1 Mb of their respective genomes 362
(Table S1). In addition, our results for mm10 indicate potential drawbacks in using the 363
ancestral element-based method for annotating gaps; percent divergence from consensus 364
for some recent transposon families is similar to ancestral transposon families. While this 365
is consistent with an elevated rate of substitution in the rodent lineage, it suggests that a 366
large number of regions in mm10 that share ancestry with our outgroup species may have 367
diverged beyond the alignment threshold (Fig. S5). Collectively, these results demonstrate 368
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the difficulty of identifying recent transposon insertions based on family name alone. For 369
this reason we decided to annotate chain-gaps using our newly classified recent transposon 370
families, which were classified using a combination of family-wide and transposon-specific 371
factors in conjunction with comparative genomic approaches. 372
Using both the ancestral element and recent transposon based methods, we annotated 373
a large number of chain-gaps with varying levels of consistency. In hg19, both methods 374
were largely consistent in identifying human-specific DNA gains and mouse-specific DNA 375
loss. However, in mm10 there was less agreement between the methods; while the majority 376
of mouse lineage-specific DNA gains identified by both methods tended to overlap, the 377
majority of human lineage-specific DNA loss did not (Table 2). This is mostly likely due 378
to limitations for detecting ancestral elements in mm10. We found that only 85% of mm10 379
chain-blocks were supported by ancestral elements as opposed to 95% in hg19 (Table 1), 380
suggesting that many ancestral elements were not identified using our outgroup species. 381
This is a key weakness in our approach; if there is an underlying error for detecting human 382
DNA loss in mm10, it means that we would also be overestimating the amount DNA gain in 383
mm10. However, by using two distinct yet complementary methods, we are able to identify 384
potential sources of error and estimate their impact. One explanation for missing ancestral 385
elements may be that DNA gain and loss events that occurred in either the mouse or human 386
clade overlap DNA gain and loss events that occurred across a large number of our outgroup 387
species. However, as stated above, nucleotide divergence rates may also play a role. Some 388
regions in mm10 may have diverged so much that it is impossible to perform a pairwise 389
alignment with our outgroup species. Despite the above mentioned inconsistencies between 390
the methods in mm10, it is clear that the amount of DNA loss in human is much smaller than 391
the amount of DNA loss in mouse and the amount of DNA gain for both. The difference in 392
loss rates for human and mouse is mostly consistent with a high deletion rate in the mouse 393
genome that has caused it to shrink in size since divergence with human (Chinwalla et al. 394
2002; Laurie et al. 2012). 395
To further characterise the results from each method we compared the length distributions 396
of their gap annotations. For DNA gain events in hg19 and mm10, the ancestral element 397
method displayed a much higher frequency of small elements than the recent transposon 398
method. This may be caused by spurious alignments between similarly structured recent 399
transposons found in reference and outgroup species, effectively separating the annotation 400
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gain events into smaller pieces. Moreover, the recent transposon method identified much 401
higher frequencies of DNA gain events that correspond to full length consensus sequences 402
of known transposon families (Fig. 2a-2b). Conversely, the length distributions for DNA 403
loss events identified by each method were much more similar, especially in mm10. In hg19 404
the frequency of events detected by the ancestral element method were much lower than 405
those detected by the recent transposon method (Fig. 2c-2d). This is consistent with the low 406
number of ancestral elements in the mouse genome. However, the high level of consistency 407
for both methods in identifying hg19 DNA gain and mm10 DNA loss where there is good 408
support for outgroup species is highly encouraging. It indicates that the recent transposon 409
method is a reasonably effective method in identifying DNA gain and loss in species where it 410
is difficult to detect ancestral elements. Consistent between both methods is size distribution 411
difference between DNA gain and loss. DNA gain events are mostly over 100 bp in length 412
while DNA loss events are mostly under 100 bp. 413
In both hg19 and mm10 we annotated a large number of gain and loss events using two 414
distinct methods. However, to measure the total amount of DNA turnover at particular 415
loci, gaps annotated in a query genome needed to be mapped to a reference genome. Hence, 416
gap annotations were placed using the reference and query coordinates we extracted from 417
our nets in step 1 (methods) (Fig. 1d). To account for the placement of gaps from one 418
genome into another, we adjusted the genomic coordinates at the target loci, resulting in a 419
synthetic genome for both species (methods). Each synthetic genome contains both hg19 and 420
mm10 annotated gaps in either an hg19 or mm10 genomic background. Finally, our resulting 421
dataset consists of 4 synthetic genomes; mm10 with gap annotations based on the ancestral 422
element method, mm10 with gap annotations based on the recent transposon method, hg19 423
with gap annotations based on the ancestral element method and hg19 with gap annotations 424
based on the recent transposon method. Collectively, these results demonstrate that it is 425
possible to identify locations for the majority of DNA gain and loss events since human and 426
mouse divergence. Using our identified DNA gain and loss events it is possible to characterise 427
genome-wide patterns of DNA gain and loss and to begin to determine how DNA turnover 428
may impact on mammalian genome evolution. 429
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Genome-wide characteristics of DNA gain and loss. 430
Genome size evolution in mammals follows an accordion model, where DNA gain is counter- 431
acted by DNA loss to maintain a relatively constant genome size (Kapusta et al. 2017). To 432
characterise how DNA gain and loss interacts with genome structure, we used our synthetic 433
genomes to analyse the genomic distribution of DNA gain and loss events in hg19 and mm10. 434
We began by segmenting synthetic genomes into 200 kb non-overlapping bins and tallying 435
the total bp coverage of each type of gap annotation. Bins with less than 150 kb of DNA 436
not belonging to RBH nets were removed and our tallies were normalised to reflect DNA 437
gain and loss amounts per 200 kb. Because gap annotations from both species can be placed 438
within a single genome, we are able to directly compare their genomic distributions. 439
Using our binned synthetic genomes we compared the variation and average amount of 440
regional DNA gain and loss identified using each method. Our results showed that variation 441
in regional DNA gain or loss was reasonably consistent across both methods (Fig. 3). For 442
DNA gain this was also quite large, in 200 kb genomic bins the amount of DNA gain in human 443
and mouse spanned a range greater than 70 kb, indicating that some regions underwent 444
much greater levels of DNA gain than others. While bin-wise variation in gain and loss 445
rates was consistent across methods, the average amount of DNA turnover was not. This 446
makes it difficult to reliably calculate the regional amount of DNA turnover or genome 447
growth. However, despite these inconsistencies, bin-wise levels of DNA gain and loss were 448
highly correlated across all cases, with the exception of hg19 DNA loss (Fig. 3a, S7-S8). 449
Following this, we investigated regional DNA gain and loss dynamics by identifying DNA 450
gain and loss genomic hotspots. Hotspots were identified by calculating G⇤
i
for each bin 451
(methods). We converted our G⇤
i
values to P-values and calculated the false discovery rate 452
(FDR). Bins whose G⇤
i
was positive with FDR < 0.05 were considered hotspots. Hotspots 453
were identified for each type of gap annotation found using both gap annotation methods in 454
both synthetic genomes. We found that the size of the hotspot overlap between each gap 455
annotation method for hg19 gain, mm10 gain and mm10 loss was larger than the sum of 456
non-overlapping hotspots (Fig. 3b). Using the hotspot intersect between gap annotation 457
methods, we further characterised regional variation of DNA gain and loss across hg19 and 458
mm10. For the remainder of the analysis the terms ‘DNA-gain hotspots’ and ‘DNA-loss 459
hotspots’ refer to the hotspot intersect between each gap annotation method, except for hg19 460
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DNA-loss hotspots which instead refer to hg19 DNA-loss hotspots identified through the 461
recent transposon method. For mm10 DNA loss, mm10 DNA gain and hg19 DNA gain, the 462
intersect was used as it provided a sample of genomic regions where regional DNA gain and 463
loss dynamics were highly supported by both methods. For hg19 DNA loss we used hotspots 464
that were identified using the recent transposon method because the ancestral based method 465
was shown to largely underestimate the total amount of ancestral DNA. 466
Regional patterns of DNA gain and loss indicate lineage-specific 467
divergence. 468
The accordion model of genome evolution suggests DNA gain and loss is largely balanced 469
across the entire genome. Whether the individual events are balanced at the local scale 470
remains unknown. We analysed the genomic distribution of hg19 and mm10 gain and loss 471
hotspots by focussing on the within species overlap and the across species overlap. The within 472
species overlap was designed to investigate whether DNA gain and loss is balanced on a 473
regional level, indicating that despite large amounts of DNA turnover, local genome structures 474
stay intact. The across species overlap was designed to investigate whether DNA gain and 475
loss associated with lineage specific divergence in genome architecture. We found that almost 476
4% of human loss hotspots overlapped human gain hotspots and approximately 6% human 477
gain hotspots overlapped human loss hotspots (Fig. 4,S9). These results showed that DNA 478
gains and losses in human at a regional scale have occurred independently. Conversely, less 479
than 1% of gain and loss hotspots in mouse overlapped each other, with a significant negative 480
association. These results suggest that regional DNA gain and loss in both species is largely 481
unbalanced. For the across species comparison, we found significant levels of overlap between 482
DNA-loss hotspots and negative associations between all other hotspot types at varying 483
levels of statistical significance depending on genomic background. This demonstrates that 484
DNA loss dynamics in both hg19 and mm10 share some degree of conservation while DNA 485
gain dynamics are mostly lineage-specific, suggesting that the acquisition of new DNA may 486
be driving lineage-specific divergence of genome structure. 487
To further characterise the distribution of hg19 and mm10 gain and loss hotspots, we 488
plotted them against both genomic backgrounds. hg19 and mm10 gain hotspots were most 489
enriched on chromosome X (Fig. 4,S9). This is consistent with chromosome X as a hotspot 490
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for L1 insertion, a particularly large transposon with high levels of lineage specific activity 491
that contributes to X inactivation (Chow et al. 2010). For gain and loss hotspots themselves, 492
hg19 gain hotspot regions were much more dispersed than other types of hotspot region 493
(Fig. 4,S9). Since DNA loss across both species overlaps significantly, this adds to the 494
lineage-specific behaviour of DNA gain dynamics, where regional DNA gain in mouse is 495
more concentrated than in human. Interestingly, DNA loss hotspots in the hg19 genomic 496
background appear more concentrated towards telomeres, suggesting that chromosomal 497
location may play a role in DNA loss dynamics (Fig. 4). However, it is worth noting that 498
this observation did not occur in the mm10 genomic background (Fig. S9). One explanation 499
is that telomeres in mouse are quite recent as mouse chromosomes have undergone a high 500
frequency of breakage and fusion events since divergence from a common ancestor (Murphy 501
et al. 2005). Together, our results demonstrate that regional lineage-specific DNA gain and 502
loss dynamics are relatively context-specific. 503
Next, we examined whether gain and loss hotspots were correlated with a range of genomic 504
features. The genomic features we analysed are non-randomly distributed and known to 505
play various roles in genome biology. By investigating their association, we may begin to 506
develop insight into the molecular drivers of DNA turnover. To measure the correlation 507
between genomic features and particular gap annotations we performed feature enrichment 508
analysis with 10,000 permutations (methods). The analysis was performed for both mm10 509
gain and loss and hg19 gain and loss in both the genomic backgrounds. Using both genomic 510
backgrounds we were able to analyse the genomic features from regions in a query genome 511
that have been deleted from a reference. We specifically chose genomic features that could 512
be found in both genomes as indicators for distinct aspects of genome biology. Intron density, 513
exon density, DNaseI hypersensitivity (DNaseI HS) peaks, CpG islands, GC content and 514
lamina-associated domains (LADs) are all indicators of genome activity (ENCODE Project 515
Consortium et al. 2012; Tyner et al. 2016; Guelen et al. 2008; Peric-Hupkes et al. 2010). Most 516
of these features, excluding LADs, are associated with gene dense areas and are linked to their 517
expression or regulation (Thurman et al. 2012). LADs themselves are instead associated with 518
gene-poor regions and gene silencing (Guelen et al. 2008; Peric-Hupkes et al. 2010). We also 519
investigated various groups of transposons whose genomic distributions have been previously 520
characterised and used to investigate genome-wide DNA gain and loss rates. Lineage-specific 521
L1s and SINEs are both major sources of DNA gain via retrotransposition, they both also 522
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have distinct accumulation profiles that are similar across both species (Chinwalla et al. 523
2002). Lineage-specific L1s tend to accumulate in gene-poor regions while lineage-specific 524
SINEs accumulate in gene rich regions. Ancestral L1s, and ancient elements (MIRs and 525
L2s) have been used previously to indicate levels of DNA loss. Since these elements inserted 526
prior to species divergence, they both provide signatures of ancestral DNA. Differences 527
in the numbers of these elements in similar regions across species can indicate DNA loss 528
(Chinwalla et al. 2002; Laurie et al. 2012). Finally, we investigated the genomic distribution 529
of recombination hotspots and genome-wide profiles of recombination rates (International 530
HapMap Consortium et al. 2007; Brunschwig et al. 2012). We considered recombination 531
as an indicator of genome instability, as meiotic recombination increases the potential for 532
heritable genomic rearrangements (Berg et al. 2010). Importantly, it is worth noting that 533
recombination hotspots and recombination rates in mm10 are autosomal only. This was due 534
to limited data availability for mouse. 535
Among our features we observed distinct profiles for DNA gain and loss that were largely 536
consistent across both genomes. For DNA loss from both genomes and in both genomic 537
backgrounds we found a strong positive associations with indicators of gene-rich/active 538
genomic regions. This is surprising as biologically active genomic regions are likely to contain 539
many important functional elements. However, it has recently been shown that these regions 540
are particularly prone to genomic instability leading to evolutionary genomic rearrangements 541
(Berthelot et al. 2015). This also suggests the DNA loss is linked to an open chromatin state 542
as it is strongly negatively associated with LADs. In the hg19 genomic background we also 543
found that ancient elements were positively associated with mm10 DNA loss. While ancient 544
elements have been used as indicators of DNA loss, we did not expected they would be quite 545
so strongly associated with it. Moreover, in hg19 ancient elements are negatively associated 546
with DNA loss and have been predicted to play important roles in gene regulation (Kamal 547
et al. 2006). In addition, the high DNA loss rate in these regions may lead to overestimates 548
of the genome-wide DNA loss rate in mouse, as these elements have previously been used as 549
markers for calculating deletion rates (Lander et al. 2001; Chinwalla et al. 2002). Our results 550
also showed that DNA loss in hg19 and mm10 in the hg19 genomic background was positively 551
associated with genomic recombination. This is consistent with previous analyses that have 552
identified an association between DNA loss and recombination (Nam and Ellegren 2012). 553
Interestingly, we did not observe any association with recombination in the mm10 genomic 554
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background. This may be due to the decreased resolution used to calculate recombination 555
rates and identify recombination hotspots in mouse compared to human (Brunschwig et al. 556
2012; International HapMap Consortium et al. 2007). For DNA gain hotspots we found that 557
their associations with genomic features was less consistent across both species than DNA 558
loss hotspots. For sources of DNA gain, mm10 and hg19 DNA gains were both positively 559
associated with lineage-specific L1s. However, while lineage-specific SINEs were associated 560
with hg19 DNA gain, in mm10 they were associated with DNA loss. This paradoxical finding 561
is likely caused by two separate contributing factors. The first is that lineage-specific SINEs 562
in mouse are not a major contributor to DNA gain compared to human, as their overall 563
coverage levels are much lower (Chinwalla et al. 2002). The second is that lineage-specific 564
SINEs accumulate in gene-rich open chromatin areas which also happen to strongly associate 565
with DNA loss (Buckley et al. 2017). These differences in sources of DNA gain may explain 566
divergence patterns in both species DNA gain dynamics; lineage-specific SINEs are associated 567
with gene-rich/active genomic regions and lineage-specific L1s are associated with gene-poor 568
silent regions such as LADs. Ultimately, this suggests that DNA is accumulating/turned 569
over in different regions at different rates by otherwise conserved mechanisms of DNA gain. 570
Collectively, our results show that DNA gain and loss is associated with specific genomic 571
contexts, leading to differences in genome structure. 572
DNA gain and loss is non-random and may be a function of mammalian genome structure. 573
However the evolutionary impact of DNA gain and loss is mainly determined by whether 574
or not it affects particular phenotypes. To identify potentially impacted phenotypes we 575
performed gene ontology (GO) enrichment analysis on genes in DNA gain and loss hotspots 576
for biological process GO terms (Ashburner et al. 2000). Because we are interested in 577
identifying whether DNA gain and loss may have driven lineage-specific divergence we 578
compared the significance levels of GO term enrichment between our hotspot types. To do 579
this we performed correlation analysis using the -log10 P-values for GO term enrichment as 580
determined using a Fisher test combined with the ‘classic’ GO term enrichment algorithm 581
(methods) (Alexa and Rahnenfuhrer 2016). Surprisingly our results showed the highest level 582
of similarity between hg19 DNA gain and hg19 DNA loss (Fig. 6,S10). This is interesting 583
because the overlap between hg19 gain and loss was not statistically significant (Fig. 4, S9). 584
Moreover, when we compare hg19 DNA loss with mm10 DNA loss; gap annotations with 585
a significant degree of overlap (Fig. 4, S9), we found that GO terms were not as similar, 586
21/43
82
particularly in the mm10 genomic background (Fig. S10). Alternatively, enriched GO terms 587
found in mm10 DNA gain hotspots appeared distinct from GO terms enriched in other 588
DNA gain and loss hotspots. These results echo our above findings from comparing hotspot 589
overlap, where mm10 gains were least likely to significantly overlap other hotspot types (Fig. 590
4,S9). 591
To confirm our findings and examine the GO terms themselves, we calculated the 592
proportion of significant terms that were descendants (child terms) of a high-order parent 593
term. Child terms were identified as statistically significant at a FDR < 0.05 based on a 594
Fisher test using the classic algorithm. Additionally, we extracted the 10 highest ranked 595
terms discovered using the Fisher test combined with 3 other algorithms designed to reduce 596
false positives generated by the inheritance problem (described in methods) (Table S3-S6) 597
(Alexa et al. 2006; Grossmann et al. 2007). Statistically significant terms for hg19 gain and 598
loss mostly belonged to cellular processes, metabolic processes, single organism processes and 599
biological regulation (Fig. 7). For mm10, DNA loss hotspots were enriched for similar terms, 600
including developmental processes, which were particularly enriched in the mm10 genomic 601
background (Fig S11). However, mm10 gain in the hg19 background was only enriched for a 602
single term and in the mm10 background mm10 gain was not enriched for any terms. The 603
difference in these results is consistent with how DNA gain and loss events in human and 604
mouse associate with regions of varying gene density and biological activity (Fig. 5). 605
Interestingly, while the genomic distributions of each hotspot type differed, their associated 606
significant GO terms were highly similar. This may be caused by genes that contribute to 607
similar biological processes being tightly clustered and located within regions that consist of 608
overlapping hotspot types. To determine if this was the case we compared non-redundant 609
statistically significant child terms and gene annotations across each hotspot type (Fig S12). 610
We found that the vast majority of genes annotated with significant GO terms were unique 611
to a particular hotspot type. In contrast to this, the GO terms were more likely to be 612
shared across hotspot types. This suggests that DNA gain and loss tend to associate with 613
different genes that contribute to the same biological processes. Together our results show 614
that particular biological processes are either prone to DNA gain or loss or are instead highly 615




Genome-wide DNA gain and loss dynamics 618
Estimating the total amount of DNA turnover across two separate lineages over a time 619
span of approximately 90 million years is a challenging task (Hedges et al. 2006). After this 620
divergence period as little as 40% of the extant human genome shares ancestry with mouse, 621
suggesting that at least 60% has been turned over in either lineage. In order to understand 622
gain and loss dynamics we must be able to correctly assign this non-aligning portion of the 623
human genome as either human gain or mouse loss. Chinwalla et al. (2002) and Hardison 624
et al. (2003) used an approach similar to our recent transposon based method. They used 625
a set of lineage-specific transposons in human and mouse to identify regions of DNA gain. 626
From this, the remaining non-aligning portion of one genome was assumed to be lost from 627
the other. To confirm this approach, Chinwalla et al. (2002) checked to see if their inferred 628













is the size of the extant genome, G
A
is the size of the ancestral genome, G
G
is 631
the amount of lineage-specific genome gain and G
L
is the amount of lineage-specific genome 632
loss. For human and mouse they solved the equation for G
L
where they estimated ancestral 633
genome size within a range similar to the extant human genome size. This was chosen 634
because it was similar to the average genome size for mammalian outgroup species. Estimates 635
showed that DNA loss in mouse was almost double that of human, and consistent with 636
the difference in the number of non-aligning non-recent transposon bases in each genome. 637
While these estimates were consistent with expectations based on the assumption that 638
non-aligning non-recent transposon regions were ancestral, their ancestral state remained 639
unverified. Conversely, our ancestral based approach aimed to directly verify the ancestry 640
status of non-aligning regions between human and mouse. This was achieved by using a 641
wide variety of outgroup species alignments not available to Chinwalla et al. (2002) and 642
Hardison et al. (2003) at the time of their analysis. In human, our results revealed that 643
indeed many of the non-aligning non-recent transposon bases overlapped ancestral elements. 644
However, approximately 168 Mb remained ambiguous (Table 2) which was more than double 645
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the 5.8% of the total non-aligning human genome, the fraction of known ancestral bases 646
not supported by ancestral elements (Table 1). As stated in the results, this discrepancy 647
was most likely caused by incorrect identification of DNA gain events or misidentification of 648
ancestral elements. It is important to realise that the ancestral element based approach has 649
its limits, as orthologous sequences between species have the potential to diverge beyond 650
recognition. This was the most likely reason that ancestral element detection in mouse was so 651
much lower than in human, as the genome-wide substitution rate in mouse is approximately 652
twice that of human. 653
An alternative way to verify the recent transposon based method was to use our estimated 654
DNA loss rates to solve forG
A
and to compare this to other estimates of ancestral genome sizes. 655
After the mouse genome was completed many other mammalian genome projects also reached 656
completion, allowing for the development of ancestral genome reconstruction techniques. 657
While ancestral genome reconstruction is based on alignment it is much less susceptible to 658
errors than our detection of ancestral elements. Instead of performing alignments directly 659
between human or mouse and each individual outgroup species, it uses alignments between 660
groups of more closely related species to build a phylogeny of ancestral states (Blanchette et al. 661
2004; Ma et al. 2006). Recently, Kim et al. (2017) estimated an ancestral euarchontoglires 662
genome of 2.67 Gb in an analysis involving 19 placental mammals. Using equation 2 and 663
solving for G
A
with extant genome sizes from Table 1 and gain and loss rates calculated by 664
the recent transposon method (Table 2), we get estimated ancestral genome sizes of 2.64 665
Gb and 2.66 Gb for human and mouse respectively. Together our findings in the context of 666
various other methods support the use of recent transposons to analyse DNA gain and loss 667
dynamics. 668
While the recent transposon method provides an accurate estimate of DNA gain and 669
loss dynamics it is important to realise these estimates are only a lower bound on the the 670
total amount of DNA turnover since divergence. This is because both our analysis and 671
previous analyses relied heavily on the assumption of parsimonious genome evolution, where 672
lineage-specific gain and loss patterns are based on the fewest possible evolutionary changes. 673
Unfortunately, in our case the assumption of parsimonious genome evolution is likely to cause 674
various events to be hidden. For example, if a particular region underwent lineage-specific 675
DNA gain that was subsequently lost, both the gain and loss events will not be detected. 676
Additionally, DNA loss occurring in both lineages at the same loci would also go undetected. 677
24/43
85
Depending on the frequency and magnitude of the above events we have likely underestimated 678
the total amount of DNA gain and loss. A possible way to overcome this problem is to adopt 679
model based approaches similar to those used in phylogenetic analyses. These approaches 680
use a substitution model along with maximum likelihoods or Bayesian inference to allow 681
for varying rates of evolution across lineages and sites (Yang and Rannala 2012). However, 682
given our current lack of understanding of the non-coding portion of the genome such an 683
approach for estimating DNA turnover is likely to yield highly questionable results. 684
Evolutionary impact of large scale DNA gain and loss 685
During genome evolution the spectrum of possible mutations is extremely broad, ranging from 686
single nucleotide substitutions all the way up to Mb-sized rearrangements and translocations. 687
Importantly, the genomic distribution of events at each level of the mutation spectrum is non- 688
random and highly context-dependent. Moreover, the regional susceptibility and tolerance 689
to a particular mutation type is a mixture of various genomic and epigenomic features and 690
selective pressures (Makova and Hardison 2015). To understand the evolutionary impacts 691
and trajectories of DNA gain and loss dynamics we analysed their genomic distributions in 692
the context of various genomic features and biological processes. 693
In mammals synteny is highly conserved due to the frequent reuse of chromosome rear- 694
rangement breakpoints throughout their evolution (Murphy et al. 2005). Since chromosome 695
rearrangement breakpoints were located outside of nets, many DNA gain and loss events 696
went undetected (S1-S2). Instead, we most likely identified regions where gain and loss 697
dynamics impacted on local architecture, such as the genomic distances between neighbouring 698
genes or intron size. However, due to the difficulty in mapping DNA gain and loss events 699
across large evolutionary time scales, the impact of DNA gain and loss at this scale remains 700
largely unknown. Our strategy has therefore allowed us for the first time to measure regional 701
variation in DNA gain and loss across genome structures that have been resistant to large 702
structural rearrangements. Our results revealed that DNA gains and losses in human and 703
mouse were associated with the same kinds of features; DNA gains were most associated with 704
L1 accumulation in gene poor regions with low biological activity while DNA losses occurred 705
mostly in highly active gene-rich regions. Previous analyses have shown that genome organi- 706
sation between human and mouse is largely conserved, where lineage-specific L1s and SINEs 707
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tend to accumulate in similar regions in different species (Buckley et al. 2017). Our results 708
suggest that rather than certain types of events driving genome divergence, it is instead the 709
rate at which each particular event type occurs that drives divergence. For example, mouse 710
has a much higher deletion rate than human and a larger number of active L1s. This would 711
suggest that particular regions in the mouse are growing or shrinking much more than in the 712
human genome while their sequence composition remains similar. Alternatively, DNA gain 713
rates were especially enriched on the X chromosome in both species with some degree of 714
regional overlap (Fig. 4,S9). This is consistent with the high concentration of L1s that play 715
a role in X inactivation (Chow et al. 2010). 716
Despite the amount of structural divergence between human and mouse, it is difficult to 717
identify how much impact this might have on evolution at the level of phenotype. Interestingly, 718
Human DNA gains and losses and mouse DNA losses all occurred near genes involved in 719
fundamental cellular/metabolic processes. Because cellular/metabolic process genes likely 720
evolved earlier in animals and probably have house keeping functions, their regulation is 721
also likely highly conserved (Lowe et al. 2011). This suggests that for the most part the 722
accumulation of DNA gains and losses have had little impact on phenotypic change. However, 723
for some mouse DNA losses the case may be different, as in the mm10 genomic background 724
they mostly occurred near genes involved in developmental processes. Developmental 725
processes may be linked to traits that could have potentially undergone divergence, such as 726
mouse-specific morphological characteristics. While this is an attractive idea, an analysis of 727
regulatory element evolution shows that lineage-specific regulatory innovation for development 728
occurred prior to human and mouse divergence (Lowe et al. 2011). Therefore, throughout 729
mammalian evolution regulatory elements for development and cellular processes have likely 730
remained intact while nearby DNA has been frequently turned over. Ultimately, given that 731
we are able to detect little phenotypic impact where there are vast amounts of DNA turnover, 732
our findings raise questions regarding the proportion of the human genome that is under 733
selection and indeed ‘functional’. 734
Topological associated domains (TADs) are a particular aspect of genome-organisation 735
that may be affected by our detected DNA gains and losses. TADs are Mb-sized units of 736
genome organisation that consist of highly self-interacting DNA. For example, two distant 737
loci within a single TAD are much more likely to interact with each other than two loci 738
that are near each other but happen to be located within different TADs (Dixon et al. 739
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2012). Because TAD boundaries associate with other domain boundaries linked to gene 740
regulation, such as LADs, they are often considered as distinct autonomously regulated 741
regions (Sexton and Cavalli 2015). Since TADs are organised along a linear stretch of DNA, 742
it is possible that their organisation is somewhat dependent on genomic distances between 743
co-regulated features. This suggests that increased lineage-specific DNA gain and loss may 744
cause TAD structures to diverge. One way this could happen is by removing TAD boundaries 745
through deletion, which would subsequently cause adjacent TADs to merge (Hnisz et al. 746
2016). Alternatively, increases in the genomic distance between the edges of a single TAD 747
could potentially promote the formation of a new boundary. These scenarios are more likely 748
to have occurred in mouse rather than human, where DNA gain and loss in mouse is much 749
more regionally clustered, ultimately causing larger deviations from regional gain and loss 750
equilibrium. In vertebrates, Hox clusters are located between two adjacent TADs that most 751
likely diverged from a single TAD leading to the evolution of the vertebrate Hox bipartite 752
regulatory system (Acemel et al. 2016). This new TAD structure has made it possible for 753
Hox genes to receive new inputs from distal enhancers contributing to the evolution of 754
limb development and anteroposterior axis pattering (Lonfat and Duboule 2015). So while 755
regulatory innovation at the level of individual elements may have slowed prior to human 756
and mouse divergence, changes in TAD structure may cause ancestral enhancer elements to 757
be co-opted in developmental processes driving lineage-specific phenotypic evolution. 758
Conclusion 759
There are four key points from our results. First, hot spots for DNA gains and losses occur 760
in different compartments; loss hot spots in open chromatin/regulatory regions and gain hot 761
spots in heterochromatin. Because DNA loss is caused by repair of DNA Double Stranded 762
Breaks (DSB) (Gasior et al. 2006), this means that L1 ORF2p activity can both cause 763
DNA gains and losses as a cause of DSB. However, this does not mean that gains and 764
losses do not occur in the same regions. Second, mouse SINEs are strongly associated with 765
DNA loss, indicating that losses in regulatory regions are accompanied by SINE insertions 766
suggesting that there is extensive ”churning” or turnover of sequences in these regions. The 767
observed differences in associations between lineage-specific SINEs and gain and loss in 768
mouse and human are likely due to differential expansion of LINEs vs SINEs in the two 769
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lineages. Thus, regional/species specific variation in DNA gain and loss are primarily driven 770
by clade specific/recent transposons interacting with open chromatin either in the male germ 771
line, female germ line or early embryo. Third, the X chromosome is largely devoid of loss 772
hot spots, but has many gain hot spots, consistent with a continuing selection for insertion 773
of L1 elements required for X inactivation. Fourth, the observed autosomal divergence of 774
gain and loss hot spot patterns in proximity to genes supports a model in which selection of 775
altered developmental/regulatory mechanisms (based on GO term results) occurs as a result 776
of transposon driven DNA gain and loss. This has implications for our views regarding the 777
”functional” proportion of the genome that is under selection and contributing to phenotypic 778
divergence. 779
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Genomic regions hg19 mm10
Sequenced genome 2897.0 2653.0
Gaps outside of nets 111.1 174.0
Non-RBH chains 306.1 293
Ancestral elements 1726.0 1021.0




Remaining chain-gaps 1465.8 1191.5




hg19 gain mm10 loss Total
Recent
transposon
hg19 gain 685.0 37.8 722.8
mm10 loss 168.0 575.0 743.0
Total 853.0 612.8 1465.8
mm10 chain-gaps
Ancestral element
mm10 gain hg19 loss Total
Recent
transposon
mm10 gain 720.6 11.5 732.1
hg19 loss 356.1 103.4 459.5
Total 1076.7 114.9 1191.6
Table 2. hg19 and mm10 gap annotation. Chain-gaps were annotated using both the
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Figure 1. Detecting DNA gain and loss events between two species. Chain-gaps and chain-
blocks are extracted from nets between reference and query (a). The resulting chain-gaps
are essentially sequences from the reference genome that do not align to anything in the
query genome. Chain-blocks are extracted from nets between reference and outgroup species
as ancestral elements. Ancestral elements are then used to annotate chain-gaps as either
gain or loss (b). Chain-gaps are annotated as query loss if they overlap ancestral elements or
as reference gain if they do not. This is the ancestral element method for annotating gaps.
The recent transposon method instead uses transposons classified as recent or ancestral to
annotate gaps (c). Transposons are extracted from Repeat Masker files containing various
classes of repetitive elements. Chain-gaps are annotated as reference gain if they overlap
recent transposons or as query loss if they do not. After gaps are annotated they are placed
within each genomic background creating a synthetic genome (d). Annotated chain-gaps are
placed according to the edge coordinates of their adjacent chain-blocks within the same chain.
Shown in the final two panels are chain-gaps extracted from the reference placed within the
query genome. The different colours of the query chain-blocks show that gap annotations in
the reference are placed on different chromosomes in the query. Differences in annotations
are the results of conflicting information either resulting from incorrect identification of
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Figure 2. Length distributions of identified DNA gain and loss events. hg19 gain (a),
mm10 gain (b), hg19 loss (c) and mm10 loss (d) events were identified using both the recent
transposon and ancestral element method. Peaks for hg19 and mm10 gain, especially those
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Figure 3. Comparison of gap annotation methods in binned synthetic genomes. Amount
of DNA gain and loss per 200 kb in each bin for both hg19 and mm10 (a). For each gap
annotation, contour lines begin at a 2D kernel density estimate of 2 10 and increase at
regular intervals of 4 10, except for hg19 which increase at regular intervals of 1.6 9. Sizes





































































Figure 4. Genomic distribution of gain and loss hotspots for hg19 and mm10 plotted
against hg19 synthetic genome. Grey regions indicate bins with <150 kb of RBH nets
and black vertical lines represent 50 Mb on non-synthetic genome. Inset table represents
percent overlap of gain and loss hotspots. The percentages were calculated using the hotspots
labelled in each row as the denominator. ‘*’ and ‘**’ represent p-values below 0.05 and 0.01
respectively based on the Fisher statistic. The odds ratio for each fisher test is reported
within the brackets. An odds ratio above 1 represents a positive association and an odds


































































Source of DNA gain
Genome instability
Figure 5. Association between genomic features and DNA gain or loss. Z scores are
calculated using background distribution generated from 10000 permutations (methods). A
positive association indicates that a particular gap annotation and genomic feature co-locate.
Alternatively, a negative association indicates that the gap annotation and genomic feature
occupy distinct genomic regions. DNaseI HS peaks (ENCODE Project Consortium et al.
2012), recombination hotspots (International HapMap Consortium et al. 2007; Brunschwig
et al. 2012), LADs (Guelen et al. 2008; Peric-Hupkes et al. 2010), CpG islands (Tyner et al.
2016), gene annotations (Carlson 2015, 2016) and Retrotransposons (Smit et al. 2015) were
measured in each as coverage per 200 kb. Recombination rates were measured as the mean
bin-wise recombination rate (International HapMap Consortium et al. 2007; Brunschwig et al.
2012). GC content was measured as the proportion of G or C nucleotide residues in chain-
blocks per bin (Team TBD 2014a,b). Genomic features are classified intro groups of feature
indicators based on distinct aspects of genome biology they are known to associate with.
The dendrogram represents spatial clustering of genomic features across both genomes,where
two tightly clustered genomic features in the dendrogram are genomic features that tend to
be co-located. The dendrogram was generated from a correlation matrix that consisted of
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Figure 6. Over representation of biological process GO terms in gain and loss hotspots in
hg19. The axes are marked according to -log10 P-values. The size of points represents the




















































































































































































































































Figure 7. Significant biological process GO terms in hg19 background. Parent terms were
the top level biological process GO terms while child terms were those beneath each parent
term. Child terms were identified as significant at a FDR < 0.05 based on a Fisher test using
the ‘classic’ algorithm. The Y axis represents the proportion of child GO terms that belong
to each parant GO term. Proportions don’t add up to 1 because some child GO terms are
shared between parent GO terms. We have also shown the number of non-redundant GO




Bovine-specific transposable elements are associated with
gene co-expression networks
Throughout this thesis I have focused specifically on species whose dominant
retrotransposon is the L1. By comparing how similar element types accumulate in
distinct evolutionary paths I was able to untangle the complex evolutionary relationships
between LINE/SINE pairs and the genomes where they reside. However, due to various
architectural similarities across the genomes I have studied, my findings provide a limited
perspective. In this case the bovine genome is of central importance, its retrotransposon
landscape is particularly distinct from many other placentals. This is because the dominant
LINE in ruminants is the BovB element, a retrotransposon whose evolutionary origin
in mammals is distinct from L1s. Throughout this chapter, I analyse the accumulation
dynamics of retrotransposons in the bovine genome and how they associate with gene
expression. I found that the divergent retrotransposon landscape of the bovine genome is
strongly associated with several co-expression networks, revealing a link between genome
organisation and gene expression. Finally, this chapter raises important questions regarding
the impact of bovine-specific retrotransposons on genome evolution in ruminants.
105
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Bovine-specific transposable elements are associated with gene
co-expression networks
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Transposable elements (TEs) are a major component of mammalian genome architecture and
have the ability to alter and rewire gene regulatory networks. However, in most mammalian
clades, TE composition is relatively similar and largely driven by the activity of long
interspersed L1 (LINE L1) elements. Due to this level of architectural conservation, it is
difficult to use comparative genomics to calculate the true evolutionary impact caused by
TE accumulation. To provide a broader perspective to the field of TE mediated mammalian
genome evolution, we analysed the distribution of TEs in the bovine genome and their
association with gene expression. Importantly, TE evolution in the bovine genome is distinct
from other mammals as it is largely driven by the LINE BovB element, a TE class only
found in a few mammalian clades outside of ruminants. We characterised co-expression
modules across 16 tissue samples using weighted gene co-expression network analysis. Next,
we analysed their TE associations by measuring the density of TEs surrounding their member
genes. Across all TEs, we found that gene co-expression modules were only associated with
bovine-specific groups. We also found that based on module expression activity, bovine-
specific TE associated modules clustered separately from gene-rich/TE-poor modules. This
finding echoed the genomic distribution of individual TE families, where bovine-specifc TEs
accumulated in gene-poor regions. Together our results show that bovine gene expression
is strongly associated with genome structure. Although, large-scale TE accumulation in
human is not usually associated with gene expression evolution, there are key differences
in bovine-specific TE accumulation dynamics that provide new scope for further analysis.
The fact that these elements accumulate in regions that are usually associated with relaxed
selection for gene regulation means that bovine-specific TEs are more primed for regulatory




The surrounding genome architecture of a gene is strongly linked to its expression, regulation 2
and function, yet many studies analyse these factors independently. One major component of 3
genome organisation linked to gene expression is transposable elements (TEs), interspersed 4
self-replicating mobile DNA elements. Their insertion has the potential to alter nearby 5
expression and their accumulation patterns are known to vary according to the family they 6
belong to (Chuong et al. 2017). Across placentals, TEs occupy almost 50% of their genome 7
sequence with most of their evolution occurring after they diverged from a common ancestor 8
(Lander et al. 2001; Chinwalla et al. 2002; Adelson et al. 2009; Kapusta et al. 2017). This 9
means that many sequences repeated throughout primates are absent from ruminants and 10
vice versa, leading to massively divergent genome composition between these taxa. While 11
there are many instances where a particular TE has been identified as a gene regulatory 12
element, an understanding of how their broader accumulation patterns associate with gene 13
expression is lacking. 14
One of the main techniques for studying TE and gene expression evolution is comparative 15
genomics, which uses observational data to gain insight into the dynamic processes that 16
lead to divergent forms. One of the limitations of this approach is the availability of high 17
quality sequenced genomes. This is why most comparative genome-wide analyses that focus 18
on gene expression and regulation are performed between human and mouse (Yue et al. 19
2014). While this work has yielded large insights into mammalian genome evolution, certain 20
mouse-specific genomic factors limit further discovery of genome evolutionary dynamics. For 21
example, the genomes in the rodent lineage are fast evolving and frequently undergo genomic 22
rearrangements (Chinwalla et al. 2002). This makes it difficult to perform basic alignments 23
between non-coding regions and identify regions that may have shared ancestry. Additionally, 24
different sources of structural evolution such as TEs, deletions and rearrangements are likely 25
confounded, making it difficult to measure their individual evolutionary impact on gene 26
expression. 27
An alternative and often overlooked clade that could be helpful for understanding the 28
evolutionary impact of TEs is the ruminants. Ruminant chromosomes have remained 29
largely intact since divergence from human and have also been subjected to a much lower 30
substitution rate than mice (The Bovine Genome Sequencing and Analysis Consortium et al. 31
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2009). However, more importantly, ruminants have a fundamentally divergent TE landscape 32
from other mammalian lineages at similar phylogenetic distances (The Bovine Genome 33
Sequencing and Analysis Consortium et al. 2009; Adelson et al. 2009). The major TE classes 34
in primates, rodents, carnivores, perissodactyls and non-ruminant cetartiodactyls are long 35
interspersed L1 elements (LINE L1s) and their associated clade-specific short interspersed 36
elements (SINEs) (Ivancevic et al. 2016, 2017). In ruminants the major TE class is instead 37
LINE BovB which was introduce to the lineage through an ancient horizontal transfer event 38
and now occupies over 10% of the bovine genome (Adelson et al. 2009; Walsh et al. 2013). 39
This is important, as the accumulation patterns of LINE L1s and their associated SINEs 40
in different species follow similar evolutionary trajectories (Buckley et al. 2017). Since 41
LINE BovBs have an evolutionary origin and insertion mechanisms distinct from LINE L1s, 42
ruminants provide a unique window in which to identify general principals regarding the 43
evolutionary impacts of TEs. 44
To begin to untangle the complex relationships between TEs and their role in mammalian 45
genome evolution, we used a weighted gene co-expression network analysis (WGCNA) 46
approach to explore the association between TE accumulation and gene expression. This 47
approach was applied to the bovine genome using an RNA-seq dataset comprised of 16 48
different tissues sampled from L1 Dominette 01449, the individual from which the bovine 49
reference sequence was obtained (The Bovine Genome Sequencing and Analysis Consortium 50
et al. 2009). We found that TEs most associated with gene expression were usually bovine 51
specific, indicating their accumulation may have had an evolutionary impact on the bovine 52
transcriptome. Additionally, these bovine specific TE associated modules also clustered 53
separately from co-expression modules enriched with genes. Based on the accumulation of 54
bovine specific TEs in gene poor regions our results highlight the importance of genome 55
architecture on the evolution of gene expression. Ultimately, our analysis and findings help 56
to bridge the gap between a gene’s activity and its broader genomic context. 57
Materials and methods 58
Obtaining RNA-seq data 59
Tissue samples were collected from L1 Dominette 01449 and mRNA Libraries were prepared 60
using the TruSeq RNA Sample Preparation Kit (Illumina, San Diego) (Taylor et al. 2016). 61
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RNA was sequenced using paired-end 100 bp reads with an approximate 175bp insert at the 62
Beijing Genomics Institute (http://bgi-international.com). Three technical replicates 63
were performed for each individual sample and were distributed across three separate 64
sequencing lanes. Sequence data was provided by Jeremy F. Taylor at the University of 65
Missouri and can be found in the short read archive under the following accession: SRP063069. 66
Further information regarding individual sequencing runs can be found in additional file 2. 67
Data processing and RNA-seq normalisation 68
We measured read quality using FastQC (Andrew 2010) and based on these results we 69
trimmed reads using the FASTX-Toolkit (Hannon lab 2010). For each read we trimmed 70
positions 1-15 and 95-100; any remaining read that was less than 60 bp in length was 71
discarded. Because read-1 and read-2 of each read-pair was processed separately their 72
ordering within our FASTQ files no longer reflected their pairing. To correct this we paired 73
reads using their read identifiers and removed all reads whose mate-pair was discarded from 74
either the read-1 or read-2 FASTQ file. Next, read-pairs were mapped to the UMD3.1 bovine 75
reference assembly using the program Subread and only accepted uniquely mapped reads 76
(Liao et al. 2013b). The reference assembly was obtained from the Ensembl database release 77
74 (Flicek et al. 2014) (ftp://ftp.ensembl.org/pub/release-74/fasta/bos\_taurus/ 78
dna/Bos\_taurus.UMD3.1.74.dna.toplevel.fa.gz). After read mapping we counted the 79
number of read-pairs mapped to each gene annotation across all of our datasets using the 80
tool featureCounts (Liao et al. 2013a). For this we used gene annotations also obtained 81
from Ensembl database release 74 (ftp://ftp.ensembl.org/pub/release-74/gtf/bos_ 82
taurus/Bos_taurus.UMD3.1.74.gtf.gz). Next, we carried out FPKM normalisation on 83
our read-pair counts and discarded genes that were not located on assembled chromosomes 84
or had expression levels equal to zero in at least one dataset. 85
Identifying co-expression modules 86
We identified co-expression modules using the WGCNA package (Langfelder and Horvath 87
2008, 2012). For WGCNA, we stabilised gene expression variance by using log2(x+ 1) to 88
transform our data, where x was our FPKM expression levels. Next, we built multiple 89
co-expression networks based on gene expression correlation between gene pairs. Based 90
on WGCNA guidelines we chose the signed network option and fitted our data to a scale- 91
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free topology model. Our co-expression modules were detected using automatic network 92
construction in a block-wise manner. The settings we used were a minimum module size of 93
30 genes and a dendrogram cut height for module merging of 0.25. 94
Identification and classification of TEs 95
TE coordinates were identified in the UMD3.1 bovine assembly using Censor combined 96
with a repbase library that consisted of TEs found across mammals (Kohany et al. 2006). 97
We created a series of TE groups defined on the basis of TE class and period of activity, 98
which was either ancestral (found throughout mammals) or bovine-specific (found only in 99
ruminants). Our ancestral TE groups were named ERV anc, LINE L1 anc, LINE L2 and 100
SINE MIR. Our bovine-specific TE groups were named ERV BT, LINE BovB, LINE L1 BT, 101
SINE BOVA2 and SINE BOVTA. Individual TEs were placed into groups based on a series 102
of regular expressions that matched identifiers for TE class and period of activity found in 103
their family names. A table of the regular expressions that were used can be found in the 104
supplementary information (Table S1). 105
Analysing the genomic distribution of TEs 106
To correctly analyse the genomic distribtuion of TEs we need to segment the bovine genome 107
at an appropriate bin-size. To do this, the bovine genome was segmented at multiple bin-sizes 108
and the bin-wise coverage level of each TE group was tallied and normalised by the number 109
of sequenced bases in each bin. For each of these segmented genomes we calculated the 110
spatial autocorrelation between genomic bins and their downstream neighbour. From this we 111
selected a bin-size of 250 kb. Next, we analysed TE distributions by calculating Spearman’s 112
rank correlation for each pair of TE groups. Gene number was included in this analysis 113
to help provide context and anchor our results to a well established feature of genome 114
organisation across mammals. 115
Detecting TE associated co-expression modules 116
Each gene was assigned a TE score for each TE group. Scores were assigned based on the TE 117
content of the genomic bin overlapping each gene’s transcription start site. To make these 118
scores comparable across TE groups we standardised them by calculating their Z scores. 119
Using these scores we were able to detect statistically significant TE associated co-expression 120
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modules using a permutation based approach. Gene module membership was shuffled across 121
our genes and we calculated each module’s resampled mean TE score. This process was 122
repeated 10,000 times to generate a background distribution of resampled mean TE scores for 123
each module. These resampled TE score distributions were then used to convert our observed 124
mean module TE scores into Z scores and determine the association strength between each 125
module’s member genes and each TE group. Based on multiple testing of 420 modules across 126
10 TE/gene groups, only those module associations with a Z-score outside the range of -3.65 127
– 3.65 were considered statistically significant. This is because a Z score > 3.65 is equal to a 128
false discovery rate (FDR) < 0.05 129
Gene Ontology term enrichment 130
For specific co-expression modules we calculated Gene ontology (GO) term enrichment for 131
biological process terms (BP). We used topGO to calculate P-values for each term based on 132
the Fisher test and defined statistical significance at a FDR < 0.05 (Alexa and Rahnenfuhrer 133
2016). 134
Software used for data analysis 135
To analyse our data we used the following packages within the R environment(R Core 136
Team 2016): Genomic Ranges (Lawrence et al. 2013), dplyr (Wickham and Francois 2015), 137
org.Bt.eg.db (Carlson 2016b), GO.db (Carlson 2016a) and Bioconductor (Huber et al. 2015). 138
Results 139
Co-expression module detection 140
After initial processing and normalisation of RNA-seq data (methods), our dataset included 141
expression levels for 12280 Ensembl annotated genes across 48 sequencing runs from a total 142
of 16 tissue samples. To determine if there was any sample/run-specific bias, we performed 143
hierarchical clustering on our entire dataset of sequencing runs (Fig. 1). We compared this 144
clustering pattern to run specific sequencing and mapping statistics generated by Subread 145
(Liao et al. 2013b). Our results showed that individual sequencing runs clustered according 146
to their corresponding tissue samples. Interestingly, the number of raw reads per run varied 147
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according to sequencing lane and machine ID, however this variation was factored out by our 148
normalisation procedure. Together our results indicate that the vast majority of variation 149
across our dataset was biological rather than technical. 150
Next, we applied WGCNA to our log normalised gene expression dataset to detect 151
co-expression modules (methods). We chose a soft threshold of 14 which gave low levels of 152
connectivity and a scale-free topology model fit of almost 0.8 (Fig. S1). Since, our dataset 153
was quite large we found it easier to detect modules across 3 separate blocks (Fig. S2). 154
Using this approach we identified a total of 43 co-expression modules with gene membership 155
ranging between 30 and 3000 genes (Fig. S3). 156
The bovine TE landscape 157
To characterise the bovine TE landscape and measure its association with gene expression, 158
we placed TEs from various families into 9 distinct TE groups using their family identifiers 159
(Table S1) (methods). Based on similarity to TE consensus sequences, our grouping strategy 160
successfully identified both bovine-specific and ancestral TEs (Fig. 2a). The percent 161
similarity interquartile range for bovine-specific TE groups was > 80%, indicating these 162
elements had only recently diverged from a common ancestor. In contrast, the percent 163
similarity interquartile range for ancestral TE groups was < 80%, indicating that these 164
elements have been diverging for a much longer period of time than bovine-specific TEs. 165
To capture the bovine TE landscape, we segmented the bovine genome into equally sized 166
genomic bins. It is worth noting that for many analyses on binned genomes, bin-size is 167
an important factor. An example of this, is the genomic distribution of TEs and various 168
other genomic features within the horse genome. Adelson et al. (2010) showed that changes 169
in bin-size caused genomic spatial associations between some of these features to either 170
strengthen, weaken or even change sign. This indicates that inappropriate bin-size choice 171
may result in unpredictable and misleading outcomes. To ensure that we chose the optimal 172
scale for our analysis, we explored how genomic spatial autocorrelation changed as a function 173
of bin-size (methods). The reason we used spatial autocorrelation is that it reflects the 174
degree to which a particular feature is locally clustered across an entire genome or landscape 175
(Moran 1950). At a bin-size where there are high levels of genome-wide spatial clustering 176
of a particular feature, shifts in that feature’s local density between neighbouring bins is 177
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gradual. This means that we are capturing the scale at which biologically relevant forms and 178
patterns begin to emerge regarding that feature’s genomic distribution. Alternatively, at a 179
smaller bin-size where there are lower levels of spatial clustering, changes in feature density 180
between neighbouring bins will appear more stochastic. Therefore, we chose a bin-size of 250 181
kb as it provided the best compromise between genomic resolution and spatial clustering 182
across the majority of our TE groups (Fig. S4). 183
After selecting the appropriate bin-size for genome segmentation, we used correlation 184
analysis to characterise the bovine TE landscape (methods). We found that bovine-specific 185
TEs accumulated in gene-poor regions, where ancestral LINE L2 and SINE MIR TE groups 186
accumulated more in gene-rich regions (Fig. 1b). LINE L2s and SINE MIRs are an inactive 187
ancestral LINE/SINE pair, however their accumulation patterns have remained strongly 188
conserved across distantly related species (Adelson et al. 2009, 2010). In contrast to this, 189
bovine-specific LINE L1s and LINE BovBs are actively replicating TE groups that have both 190
caused large levels of lineage-specific divergence. Since L1s are found throughout mammals 191
and tend to accumulate in similar regions, they have been characterised as independent 192
agents that drive lineage-specific mammalian evolution along similar trajectories (Buckley 193
et al. 2017). Interestingly, while LINE BovBs are compositionally distinct from LINE L1s, 194
they both share similar accumulation patterns (Fig 2b). As a result, the LINE content of 195
the bovine genome appears to be positionally conserved. However, because LINE BovBs are 196
absent from the genomes of many other mammalian species, the bovine genome appears to 197
be compositionally distinct. 198
Potentially one of the most outstanding features of the bovine TE landscape is the 199
distribution of bovine-specific SINEs. Unlike human and mouse, whose lineage-specific 200
SINEs accumulate in gene-rich regions (Lander et al. 2001; Chinwalla et al. 2002), bovine- 201
specific SINEs accumulate in gene-poor regions (Fig. 2). This may be because bovine-specific 202
SINEs are mobilised by LINE BovB replication machinery, as opposed to the LINE L1 203
replication machinery that mobilises human- and mouse-specific SINEs (Ohshima and Okada 204
2005). Moreover, the genomic distribution of the individual bovine-specific SINE groups, 205
SINE BOVA2 and SINE BOVTA, is also quite quite complex. For example, SINE BOVA2 206
and SINE BOVTA TEs occasionally co-locate, however their overall spatial correlation 207
patterns with other TE groups are quite distinct from each other. Since LINE BovBs are 208
the driving force behind bovine-specific SINE activity, they have not only contributed to the 209
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compositional divergence of bovine TE genome architecture, but they are also major drivers 210
of the positional divergence of bovine TE genome architecture. This divergence in genome 211
structure may provide some of the raw material for bovine-specific gene regulatory and gene 212
expression evolution. 213
Bovine-specific TEs are associated with co-expression modules 214
After characterising the bovine TE landscape, we analysed gene expression patterns based 215
on their surrounding TE content. We did this by identifying co-expression modules whose 216
member genes were located in regions enriched for TEs. This was done using a permutation 217
approach based on 10,000 iterations (methods). Out of our 42 modules we identified a total 218
of 10 that showed some kind of statistically significant TE association for at least 1 TE 219
group (Fig 3a). 220
Our results showed that bovine-specific TEs were the only TE groups to be positively 221
associated with any of our co-expression modules. The TE group that had the most associ- 222
ations with co-expression modules was SINE BOVA2. Their frequent over representation 223
in co-expression modules suggests that depending on their ability to alter gene expression, 224
they may be responsible for a large amount of bovine-specific evolution. This kind of accu- 225
mulation near genes in specific co-expression modules along with high sequence similarity, 226
is consistent with SINE BOVA2s providing transcription factor binding sites (TFBSs). As 227
TFBSs, BOVA2 elements would exist as fundamental components for the wiring of specific 228
gene regulatory networks. Consistent with this idea, previous analyses have identified a 229
SINE BOVA2 upstream of the TP53 gene in many non-domesticated bovids. TFBS analysis 230
of these elements revealed that they carry unique binding sites for transcription factors that 231
likely regulate TP53 expression and mammary involution (Dekel et al. 2015). Another role 232
for SINE BOVA2s in gene regulation, is as targets for micro RNAs. A core motif in the 233
SINE BOVA2 element has been shown to act as a target site for several bovine-specific 234
micro RNAs. In addition, SINE BOVA2s have been found in the 3’ untranslated regions of 235
mRNAs involved in cell growth and differentiation during the immune response (Damiani 236
et al. 2008). 237
Other bovine-specific TEs that were positively associated with co-expression modules 238
included LINE BovB and SINE BOVTA. Potential molecular roles for these elements are 239
10/21
116
lacking in the literature, however based on discovery in other mammals they still may 240
play an important role in gene expression (Chuong et al. 2017). Interestingly, LINE BovB 241
occasionally shares module association with SINE BOVA2s, whereas SINE BOVTAs are 242
positively associated with co-expression modules in a more exclusive manner. This is likely 243
linked to the underlying genomic distribution of these elements discussed above. Our results 244
also showed that there were 2 modules that were positively associated with genes that 245
clustered with a third module that was negatively associated with bovine-specific TEs. This 246
suggests that gene rich areas of the genome contain genes with similar expression patterns 247
and supports the idea that mammalian genomes are organised according to roles/regulation 248
of particular genes. 249
Next, for each TE associated module we identified statistically enriched BP GO terms 250
(methods). To gain an overview of the functional attributes for each module we tallied our 251
statistically enriched terms according to their top level ancestor BP GO terms (Fig 3b). 252
Across our dataset, GO terms were mostly associated with the gene-rich green module which 253
contained a wide range of biological processes. Other modules that associated with GO 254
terms were the turquoise, lightyellow and black modules, which were mostly associated with 255
metabolic and cellular processes. It is worth noting that the R package ‘org.Bt.eg.db’ only 256
contained approximately 3000 genes with annotated BP GO terms (Carlson 2016b). This 257
means that out of our dataset of approximately 12000 genes, it is likely that many modules 258
may not contain any genes with an annotated GO term. Therefore, absence of GO term 259
association with a particular module does not mean that the roles of genes within that 260
module do not correspond to a particular biological process. 261
Another way to analyse our TE associated modules is to measure their eigengene expression 262
across our tissue samples (Fig 3c). Intuitively, eigengenes can be thought of as a single 263
gene whose expression is representative of an entire co-expression module (Langfelder and 264
Horvath 2007). From clustering our modules based on eigengene expression, we observed that 265
module TE enrichment strongly associated with their expression patterns; gene-rich/TE-poor 266
modules clustered separately from our bovine-specific TE enriched modules. Since genes 267
and bovine-specific TEs accumulate in distinct genomic regions (Fig. 2b), our results are 268
consistent with genome organisation where genes involved in similar processes are clustered 269




Collectively, our results present a complex relationship between gene expression and genomic 272
TE distributions. We identified specific groups of similarly expressed genes that tend to be 273
located in regions with a high concentration of bovine-specific TEs. This observation can 274
be explained by two separate hypotheses. The first is the TE regulatory hypothesis, where 275
bovine-specific TEs provide some sort of regulatory signal required for coordinated gene 276
expression of specific gene sets. This suggests that the introduction of LINE BovBs into a 277
ruminant ancestor is a major evolutionary event that may have driven the evolution and 278
diversification of the ruminant lineage. The second is the genome organisation hypothesis, 279
where genes are organised according to the processes they are involved in and the functions 280
they perform. In this case TEs are enriched in co-expression modules because their member 281
genes are located in regions where TEs tend to accumulate. While there are plenty of 282
examples where TEs have been exapted into regulatory elements, analysis of their wider 283
genomic distributions tends to support the genome organisation hypothesis. In hominids, 284
expression divergence between human and chimpanzee ortholog gene pairs associates with 285
recent ancestral TE insertions more than lineage-specific TE insertions. This suggests that TE 286
accumulation occurs near genes with relaxed selection and has little impact on gene expression 287
itself (Warnefors et al. 2010). Moreover, TE accumulation in hominids is most associated 288
with germ-line expressed genes, indicating that TEs sometimes preferentially accumulate 289
near genes with similar expression behaviour (Warnefors et al. 2010). These findings are 290
further supported by relatively rare TE exaptation linked to pleiotropic constraints regarding 291
regulatory element innovation (Nikolov and Tsiantis 2017). However, it is important to realise 292
that these findings occurred across a very small groups of species with TE accumulation 293
dynamics that are very different to the bovine. The majority of lineage-specific TE insertions 294
in human are due to SINE Alu elements and have occurred in gene-rich open chromatin 295
regions. Since these regions tend to be occupied by house keeping genes that have highly 296
conserved expression profiles, SINE Alu insertions that impacted on gene expression would 297
likely be selected against (Buckley et al. 2017). Conversely, bovine-specific SINEs instead 298
accumulate in gene-poor regions, where genes tend to have more tissue-specific expression 299
patterns. In these regions gene regulation is under relatively relaxed selection and more 300
primed toward regulatory innovation, leading to the evolution of lineage-defining traits 301
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(Nikolov and Tsiantis 2017). 302
In conclusion, we identified various co-expression modules that showed statistically 303
significant positive associations with bovine-specific TE groups. We found that based on 304
eigengene expression, these TE associated modules clustered separately from gene-rich/TE- 305
poor modules. This was similar to the genome-wide distributions of each TE group, where 306
bovine-specific TEs accumulated in gene-poor regions. While it was difficult to ascertain the 307
actual evolutionary impact of bovine-specific TEs on gene expression, our results show that 308
genome organisation is strongly associated with gene behaviour. Importantly, we identified 309
key differences between the bovine TE landscape and the TE landscapes of most other 310
mammals that have been previously analysed. These differences provide scope for further 311
analysis into gene regulation from bovine-specific TEs and highlight the importance of using 312
diverse species to study the evolution of genome architecture in mammals. 313
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Figure 1. Hierarchical clustering of each individual sequencing run and associated sequenc-
ing/mapping statistics. CON stands for ‘contralateral to the corpeus Luteum’, CAR stands





Figure 2. The bovine TE landscape. a. The age distribution of of our identified TE groups.
The y-axis represents % similarity to consensus sequence and is a rough indicator of TE age,
where youger TEs show higher levels of similarity to their consensus sequences. Box width
is directly proportional to the total number of instances for each TE group. b,) Pairwise
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Figure 3. TE association with co-expression models, their associated biological processes
and their tissue-specific expression patterns. a, Z score for regional TE association of each
co-expression module’s member genes. Z scores were generated using a permutation approach
consisting of 10,000 iterations (methods). Z scores are shown if they are > 3.65 standard
deviations from the mean, based on correction for multiple testing at a FDR < 0.05. b, The
number of significantly enriched child GO terms that belong to top level BP parent terms.




Bovine NK-lysin: Copy number variation and functional
diversification
Retrotransposon accumulation in itself has the ability to cause large structural
rearrangements. The bovine NK-lysin gene was found to be incorrectly assembled in the
bovine reference. In fact, there were three additional copies of the NK-lysin gene that
were specific to the bovine lineage. For each tandem duplicate copy, I characterised the
retrotransposons surrounding their breakpoints and found strong enrichment for bovine-
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NK-lysin is an antimicrobial peptide and effector protein in the host
innate immune system. It is coded by a single gene in humans and
most other mammalian species. In this study, we provide evidence
for the existence of four NK-lysin genes in a repetitive region on
cattle chromosome 11. The NK2A, NK2B, and NK2C genes are tan-
demly arrayed as three copies in ∼30–35-kb segments, located
41.8 kb upstream of NK1. All four genes are functional, albeit with
differential tissue expression. NK1, NK2A, and NK2B exhibited the
highest expression in intestine Peyer’s patch, whereas NK2C was
expressed almost exclusively in lung. The four peptide products were
synthesized ex vivo, and their antimicrobial effects against both
Gram-positive and Gram-negative bacteria were confirmed with a
bacteria-killing assay. Transmission electron microcopy indicated that
bovine NK-lysins exhibited their antimicrobial activities by lytic ac-
tion in the cell membranes. In summary, the single NK-lysin gene in
other mammals has expanded to a four-member gene family by
tandem duplications in cattle; all four genes are transcribed, and
the synthetic peptides corresponding to the core regions are biolog-
ically active and likely contribute to innate immunity in ruminants.
NK-lysin | antimicrobial peptides | gene family expansion |
segmental duplication | copy number polymorphism
Antimicrobial peptides (AMPs) are effector molecules in theinnate immune system and are widespread in all kingdoms
of life (1, 2). Human granulysin (GNLY) and pig NK-lysin are
orthologs and belong to the same group of AMPs (3, 4). They are
secreted from the granules of cytotoxic T lymphocytes and natural
killer (NK) cells and are active against a wide spectrum of mi-
croorganisms including Gram-positive and Gram-negative bacte-
ria, fungi, protozoa, viruses, and even tumor cells (5–11). NK-lysin
orthologs have been identified and characterized in many species,
including human, pig, cattle, horse, water buffalo, and several
species of birds (12–15). Bovine NK-lysin was first reported a de-
cade ago (16), when two bovine cDNA fragments were obtained
from each of four different cows. It was unclear whether the de-
tected sequences, Bo-lysin 89 and Bo-lysin 62, were from two dif-
ferent NK-lysin genes or were alleles of a single gene. Also,
multiple variants of NK-lysin sequences exist in the bovine nucle-
otide database, suggesting the existence of more than one copy of
NK-lysin in the cattle genome (Fig. S1 and Table S1).
Copy number variation (CNV) is a common form of structural
variation in animal genomes. Several whole-genome CNV analy-
ses have been carried out among different breeds of cattle, and
two independent studies suggested that bovine NK-lysin is in a
CNV region (17, 18). Duplications (>1 kb) that are highly iden-
tical (90%) are known as “segmental duplications.” Segmental
duplications are common in mammalian genomes and are highly
copy-number variable, serving as one of the principal mechanisms
of gene family expansion (19) which can provide substrates for
neofunctionalization and development (20, 21).
Sequencing of the cattle genome (22) revealed that multiple
immune-related genes are expanded in copy number in cattle as
compared with humans and mice. These include genes coding
AMPs such as the cathelicidins and β-defensins, members of
the IFN gene family, C-type lysozyme, and lipopolysaccharide-
binding protein (ULBP) (23–28). Expansion of these gene fam-
ilies potentially can give rise to new functional paralogs with
implications in the unique gastric physiology of ruminants or in
disease resistance in a herd environment. Here we demonstrate
that there are four copies of NK-lysin in cattle; three related
copies are located in tandem within ∼30–35-kb regions of seg-
mental duplication, whereas the fourth copy is located 41.8 kb
downstream. All four genes show tissue-specific expression, and
the product of each of the four genes displays antimicrobial ac-
tivity against both Gram-positive and Gram-negative bacteria by
the mechanisms of pore formation and cell lysis.
Results
Analysis of Cattle Homozygous at the NK-Lysin Locus.A search of the
National Center for Biotechnology Information (NCBI) bovine
nucleotide database identified seven different NK-lysin–related
sequences (Table S1), and a phylogenetic analysis of the se-
quences showed four clades that potentially represented four
different bovine NK-lysin genes. We designated these genes NK1,
NK2A, NK2B, and NK2C (Fig. S1). NK2A, NK2B, and NK2C
were closely related to each other and were divergent from
NK1. The genes corresponding to NK1 and NK2A have been
annotated previously as uncharacterized LOC616323 (gene ID:
Significance
The cattle genome contains expanded families of several genes
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but this study identified a family of NK-lysin genes in cattle
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mirrors the numerical expansion of other immune-related genes,
including interferons, defensins, and cathelicidins, in the cattle
genome, we also see a diversification of function exhibited by
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LOC616323) and Bovine GNLY (gene ID: 404173), respectively,
in the bovine reference genome assembly UMD 3.1 of the
University of California, Santa Cruz genome browser. These two
genes are tandemly arranged on chromosome 11, whereas NK2B
and NK2C are absent in the current genome assemblies. To
confirm the authenticity of the NK2A, NK2B, and NK2C se-
quences, we designed a pair of primers (Bo-lysin F: Bo-lysin R)
from the conserved region of these genes. To minimize the ef-
fects of allelic variation in the analysis, we selected four Holstein
cattle homozygous for this region based on genome-wide asso-
ciation study genotyping results with the 770K HD SNP array
(29). The SNP array contained 29 SNPs between the two genes
flanking the NK-lysin region, ATOH8 (gene ID: 616225) and
SFTPB (gene ID: 507398). The PLINK program was used to
identify individuals that were homozygous at all 29 SNP sites,
and four cattle (2527, 2796, 2822, and 3850) with different
haplotypes were selected for further analysis. The number of the
sequenced clones and the different sequences achieved from
each individual are listed in Table S2. In total, five different
sequences (Seq1–5) were recovered from these four individuals.
The five sequences formed three clades, corresponding to the
NK2A, NK2B, and NK2C genes, and were divergent from NK1
(Fig. 1). Three different arrangements of NK-lysin genes were
observed in this study. Two sequences from the NK2A cluster
were detected in individual 2527. If the individual 2527 was
homozygous across the NK-lysin region, at least two copies of
NK2A were present in this animal. Despite the large number of
clones sequenced from both individuals 2822 and 3850, we found
no NK2B-related clones, and we could not obtain NK2B ampli-
cons with the NK2B-specific primer, suggesting the absence of
the NK2B gene in these animals.
BAC Clone Sequencing Identified Four NK-Lysin Genes. The precise
number of genes in the bovine NK-lysin family and their genomic
organization were determined by sequencing two overlapping
BAC clones covering the NK-lysin region. The clones were iso-
lated from the CHORI-240 Bovine BAC Library and were se-
quenced with P4/C2 chemistry on the PacBio RS. Despite a
sequencing coverage depth of >700× for both BACs after the first
round of sequencing, each BAC was assembled into six contigs
because of the presence of highly repetitive sequences. After a
second round of sequencing, the average coverage was increased
to ∼1,310–1,551×; however, three contigs were still generated
from CH240-372P1, and two contigs were generated from CH240-
27G22. Because these two BAC clones overlap, we were able to
perform a final de novo assembly of all sequencing data. This
analysis produced a two-contig assembly in which the two contigs
overlapped by ∼2 kb at 100% identity. These two contigs sub-
sequently were joined into a single contig, resulting in a linear
supercontig of 227,063 bp covering the whole bovine NK-lysin
region. Overall, the assembled contig (Bo-NK) was longer than
the current genome assembly by ∼38 kb, where the corresponding
reference sequence was 189,124 bp (Bos_taurus_UMD_3.1 Chr. 11:
48,986,139–49,175,262 bp). The difference in length was caused
primarily by misassemblies in the reference genome, in which re-
petitive regions containing the NK2B and NK2C genes were col-
lapsed (Fig. 2A).
Dot plot analysis of the Bo-NK contig against itself revealed
three segmental duplications with ∼95% sequence identity (SD-
NK2A: 62.1–97.1 kb; SD-NK2B: 97.1–130.1 kb; and SD-NK2C:
130.1–160.3 kb), each containing one NK-lysin gene; NK1 was
41.8 kb downstream from the NK2C gene (Fig. 2B). Because the
SD-NK2C lacked the right end of the duplicated fragment and
was shorter than SD-NK2A and SD-NK2B, the flanking se-
quence of junction point 4 (JP-4) was different from the other
three breakpoints (JP-1, JP-2, and JP-3) (Fig. 2C). To confirm
the accuracy of the Bo-NK contig, we tested four primer pairs at
each junction point using genomic DNA of L1 Domino 99375
(donor for the CHORI-240 Bovine BAC Library). Sanger se-
quencing showed that JP-1, JP-3, and JP-4 PCR products were
perfectly aligned with the Bo-NK contig, but there were six
mismatches out of 567 nucleotides between the JP-2 PCR
product and the Bo-NK contig. The amplicon of another primer
pair (BP-1) was sequenced by Sanger to determine whether these
six mismatches were the result of an error in the PacBio se-
quencing. Sanger sequencing verified six sequencing errors at the
BP-NK12 breakpoint in the Bo-NK contig. The Bo-NK contig
therefore represented the correct assembly of the bovine NK-
lysin region and demonstrated that four NK-lysin genes are lo-
cated in this region on cattle chromosome 11. Complete genomic
sequences of four NK-lysin genes were compared with determine
genetic organization and structure (Fig. S2). All four bovine NK-
lysin genes contain five exons, as is consistent with the archi-
tecture of human and pig orthologs. The exon sizes were com-
parable among the four genes, but the introns of NK1 were larger
than the introns from the other genes, accounting for the larger
genomic size of NK1 (Fig. S2A). NK2A, NK2B, and NK2C are
about 95% identical to each other but are only 85% identical to
NK1. The predicted amino acid compositions of the four bovine
NK-lysins show high sequence identity and include six cysteine
residues, which are conserved among NK-lysinmolecules in other
animals (Fig. S2B). Phylogenetic analysis of the full coding se-
quences of the four bovine NK-lysins with NK-lysin orthologs in
humans, pig, horse, sheep, and goat revealed that the expansion
of the NK-lysin gene family is seen only in the ruminants, sug-
gesting the divergence of the NK1 and NK2 cluster in the an-
cestor of cattle, sheep, and goats (Fig. S3).
Analysis of Repetitive Sequences Within the Bovine NK-Lysin Gene
Family. Repetitive sequences usually are associated with re-
combination hotspots in the human genome (30), and chromo-
somal instability caused by mispairing between such repeats at
breakpoints is responsible for several diseases (31, 32). To gain
more insight into the mechanism of NK-lysin expansion in cattle,
we analyzed the distribution of repeat elements within this re-
gion. The distributions of different repeat classes within the as-
sembled contig are shown in Fig. 3A and are summarized in
Table S3. Overall, the downstream region of each breakpoint is
more repetitive than the upstream region, and the flanking se-
quences of NK1 are highly repetitive, consisting of a large per-
centage of long, interspersed nuclear elements (LINES), which is
distinct from the rest of the region within this gene family.
Several repeat families are overrepresented within the NK-lysin
Fig. 1. NK2A, NK2B, and NK2C nucleotide sequence analysis in four ho-
mozygous individuals (2527, 2796, 2822, and 3850). Five different clone se-
quences (Seq. 1–5) from four individuals were phylogenetically analyzed
with four bovine NK-lysin reference sequences (NK1, NK2A, NK2B, and
NK2C) and corresponding pig (Pig-NKL) and horse (Horse-NKL) orthologs by
the MEGA 6.0. Bootstrap values are shown at branch points.
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region, including two ancient mammalian L1 families, two LTR
families, and four ruminant/bovine-specific short, interspersed
nuclear element (SINE) families (BOVTA, BTALUL2, CHR-
2_BT, and CHR-2A) (Fig. S4). Because of the enrichment of
SINEs around junction points, we plotted the distribution of
several ruminant/bovine-specific repeat families within 5 kb up-
stream and downstream of each junction point (Fig. 3B). The
adjacent downstream regions of JP-1, JP-2, and JP-3 are
enriched with SINES, especially the BOVTA element. BOVTA
elements form a bovine-specific repeat family analogous to the
primate ALU repeat family, which usually is associated with
segmental duplications in humans (33). These results demon-
strate that the fragments flanking breakpoints share high ho-
mology and could contribute to unequal crossover during meiosis
and structural instability within the bovine NK-lysin gene family.
Tissue Expression of the Bovine NK-Lysin Genes. To test whether all
the identified bovine NK-lysin genes are expressed and display the
same expression profile, we compared the mRNA levels of each
gene among five tissues, including lung, thymus, spleen, respiratory
lymph node (RLN), and intestine Peyer’s patch (IPP). Real-time
PCR analysis demonstrated that all four bovine NK-lysin genes are
expressed, but each exhibits a tissue-specific expression profile
(Fig. 4). NK1 and NK2A genes are highly expressed in the IPP but
are expressed at extremely low levels in the lung. The difference
was greater than 100-fold. NK2B is more generally expressed, with
highest levels in the IPP and lung. A distinct expression pattern was
observed for NK2C, which was expressed at highest level in the
lung, indicating a potential novel function.
Antimicrobial Effects of Bovine NK-Lysin Peptides. Antimicrobial
capacities of synthetic forms of four bovine NK-lysin peptides
Fig. 2. BAC clone analysis by PacBio sequencing. (A) Sequence comparison between the Bo-NK supercontig and the genome assembly (Bos_taur-
us_UMD_3.1.1). Mismatches (vertical blue lines), internal duplications (gray boxes), and four NK-lysin gene loci (arrows) are indicated. (B) Dot plot analysis of
the Bo-NK supercontig against itself. (C) Genomic organization of the bovine NK-lysin gene family and identified breakpoints (BP). The flanking sequence of
JP-2 was used as the reference sequence.












were tested against both the Gram-positive bacteria Staphylo-
coccus aureus and the Gram-negative bacteria Escherichia coli.
All peptides were effective against both bacterial strains at
nanomolar concentrations, although Gram-negative E. coli was
more susceptible (Fig. 5A). At the lowest concentration of 0.05
μm, an ∼10-fold decrease in viable E. coli cells was observed, and
bacterial numbers were reduced from initial 106 cfu/mL to less
than 104 cfu/mL after incubation with 1 μm of NK2A, NK2B, or
NK2C molecules for 2 h. Even fewer cells (400 cfu/mL) survived
incubation with 1 μm NK1 peptide. All peptides were less active
against the Gram-positive S. aureus. Bacterial numbers were not
reduced significantly when incubated at peptide concentrations
up to 0.1 μm for any of the four peptides. At 0.5 μm, all peptides
produced ∼10-fold cell loss. At the concentration of 1 μm, the
NK1 molecule was stronger than the other three peptides and
reduced S. aureus numbers by ∼100-fold. Although the peptides
differed in their ability to kill Gram-positive and Gram-negative
bacterial strains, the NK1 peptide showed strongest antimicrobial
effects against both strains. Despite having a less-positive charge,
the NK1 peptide is more hydrophobic than the other three
peptides (Table S4), perhaps explaining its stronger antimicro-
bial effects against the tested bacterial strains.
The effects of bovine NK-lysin molecules on the E. coli cell
membrane were investigated by transmission electron microscopy
(TEM) (Fig. 5B). Specifically, the membrane integrity and in-
tracellular structure of untreated E. coli cells and cells treated with
5 μm NK1 peptide were compared and analyzed. The observed
differences in the membrane ultrastructure caused by treatment
with NK1 peptide were obvious. Most of the untreated cells
maintained a normal cell shape with an intact cytoplasmic mem-
brane and full cytoplasmic contents (Fig. 5 B, a), whereas treated
cells had characteristic expansion of the periplasmic space with
shrinkage of the cytoplasmic compartment (Fig. 5 B, b). The cy-
toplasm of treated cells was less electron dense, with clear zones,
indicating the disruption of the cell membranes and leakage of
intracellular contents. Protruding bubbles were observed from the
membrane of treated cells (Fig. 5 B, d) whereas outer membranes
of untreated cells displayed a uniform appearance with slightly
waved membranes (Fig. 5 B, c). Statistical analysis confirmed that the
average electron density of untreated cells was significantly (P< 0.001)
stronger than the treated ones (Fig. 5 B, e). The results from this
assay demonstrated the lytic action of bovine NK-lysin peptides,
which may directly cause pore formation in the cell membrane.
Fig. 3. Repeat element analysis. (A) Distribution of repeat classes within the assembled supercontig Bo-NK. Four junction points and genes are indicated.
(B) Distribution of SINEs within 5 kb upstream and downstream of each junction point. The portion of each element relative to its consensus sequence is shown on
the y axis.
Fig. 4. Expression of four bovine NK-lysins in lung (L), thymus (T), spleen (S),
RLN, and IPP. The expression of each gene in the tissue that exhibited the
lowest expression level was assumed to be 1. The average expression levels
and SDs were calculated from three healthy individuals. (A) NK2A. (B) NK2B.
(C) NK2C. (D) NK1.
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Discussion
In this study, we provide evidence for tandem duplications of
three NK-lysin genes, likely derived from an ancestral fourth
copy located ∼41.8 kb downstream on cattle chromosome 11.
Conserved features of NK-lysin orthologs, including the presence
of five exons/four introns, six well-conserved cysteine residues,
and a high proportion of positively charged amino acids, exist in
all four bovine NK-lysin genes. The genome context flanking the
bovine NK-lysin gene family demonstrated conserved syntenies
with the granulysin region of human and most other mammalian
genomes. The human granulysin gene maps to chromosome 2
centromeric to SFTPB (surfactant protein B) and USP39 (ubiq-
uitin-specific peptidase 39) and telometric to ATOH8 (atonal
homolog 8) and ST3GAL5 (ST3 β-galactoside α-2,3-sialyl-
transferase 5). Similarly, the bovine NK-lysin gene family maps
centromeric to SFTPB and USP39 and telometric to ATOH8 and
ST3GAL5 on chromosome 11. The conserved genome context
implies that no major interchromosomal genomic reorganization
has occurred in this region since the divergence of the ancestors
of cattle and humans.
The arrangement of NK2A, NK2B, and NK2C as head-to-tail
tandem triplicates is consistent with the predominate duplication
pattern observed in cattle and other mammals including mouse,
rat, and dog and is in contrast to the archetypical organization of
interspersed duplications in higher primates (34–39). Segmental
duplication with subsequent differentiation is the major mecha-
nism of gene family expansion. Acting as the substrates of genome
evolution, regions of segmental duplication also are particularly
unstable and are hotspots of CNV (37, 38, 40–42). Our analysis of
homozygous Holstein cattle revealed copy number polymorphism
of NK2B and potential copy number polymorphism of NK2A in
contrast to the BAC sequence contributed by a Hereford bull. We
then investigated the features of sequences flanking each break-
point and found that the fragments downstream of each break-
point were highly repetitive. These highly repetitive regions share
high sequence homology and potentially drive rearrangements
among the genetic elements flanked by these repeats; these
rearrangements can result in deletions or duplications of genomic
fragments. Therefore further studies are suggested to investigate
the extent of CNV within and between breeds of cattle in all four
bovine NK-lysins and haplotype structures within this gene family.
In contrast to the single copy of NK-lysin gene in most species
including human, pig, chicken, and horse, four NK-lysin genes
cluster in a region with highly repetitive sequences in the cattle
genome. To our knowledge, cattle are the first mammals in which
multiple NK-lysin genes have been found, and this observation is
consistent with the gene family expansions in cattle for several
other genes related to innate host immunity, such as the defensins,
cathelicidins, and interferons (23–25, 27). Perhaps reflecting an
evolutionary strategy to deal with the substantial number of path-
ogens and the increased risk of infections in the rumen of cattle,
the enlarged gene families encoding the AMPs may be selected to
meet an increased demand (22). It has been reported that some
duplicates of an immunity-related gene exhibit nonimmune func-
tions in cattle, such as the roles of the lysozyme genes in both the
immune and digestive systems (22). Although NK-lysin orthologs
are predominately expressed in the IPP in most species, the bovine
NK2C gene is expressed at the highest level in lung, implying a
potential novel function in the bovine respiratory system.
Bacteria-killing assays revealed that the synthetic peptides from
the functional regions of four bovine NK-lysin genes are active
against both Gram-positive and Gram-negative bacterial strains at
Fig. 5. (A) Antimicrobial activities of four bovine NK-lysin peptides against Gram-negative E. coli and Gram-positive S. aureus. Cell viability was analyzed by
comparing the surviving cells after peptide treatment with the control cells. Error bars represented the SDs calculated from four biological replications.
(B) Transmission electron micrographs of E. coli cells with and without 5 μM NK1 peptide treatment. (a and c) Control cells. (b and d) Cells treated with 5 μM
NK1 peptide for 20 min. (e) Comparison of the average electron intensity of 30 cells in the control and NK1-treated cell groups.












the very low concentration of 0.05 μm. Therefore we provided four
potential candidate templates for the development of new anti-
bacterial drugs. However, the size of a peptide is of utmost im-
portance in determining whether it is a feasible antimicrobial drug,
and the bovine NK-lysin molecules in this study covered the whole
functional region of helices 2 and 3 in the genes, which consisted
of 30 residues. Further studies are necessary to determine the
activities of shortened bovine NK-lysin peptides.
Materials and Methods
Analysis of Homozygous Animals. All identified NK-lysin-related sequences
from the NCBI bovine nucleotide database were subjected to phylogenetic
analysis by ClustalW. Primer 3 was used to design a pair of primers (Bo-lysin)
within the conserved region of the NK2A, NK2B, and NK2C clusters (Table
S5). Four Holstein cattle which were homozygous at all SNP sites across the
entire NK-lysin region, based on genotyping with the bovine 770K HD SNP
array (29), were used in this analysis. The Bo-lysin amplicons from each of
the four homozygotes were cloned into the pCR4 Blunt-TOPO vector (Life
Technologies) for sequencing (Beckman Coulter Genomics). Only sequences
present at least three times among the clones from a single individual were
used for analysis. All sequences were analyzed phylogenetically with the
corresponding reference sequences of NK1 and NK2A–C by MEGA 6.0 (43);
pig and horse NK-lysin sequences were included as outgroups. The absence
of NK2B in individuals 2822 and 3850 were confirmed further by PCR with
NK2B-specific primers (Gs-NK2B).
BAC Clone Sequencing. Two overlapping BAC clones were selected from the
CHORI-240 Bovine BAC Library, and confirmation of NK-lysin inclusion was
conducted with the Bo-lysin primers. BAC sequencing was carried out with
single-molecule real-time (SMRT) sequencing technology (Pacific Biosci-
ences), as described previously (44). Each clone was sequenced twice in two
separate SMRT cells. De novo assembly of the data from each SMRT cell and
from the combined two SMRT cells from each clone was performed fol-
lowing the standard SMRT Analysis (v. 2.0.1) pipeline. A further de novo
assembly was attempted using combined data from all four SMRT cells, and
the final contigs were joined into a single supercontig using Sequencher
(Gene Codes Corporation). The supercontig then was compared with the
reference sequence using the miropeats alignment in Parasight (45), and
further dot plot analysis of the supercontig was implemented by UniproUGENE
(46, 47). Four pairs of primers specific for each putative junction point (JP-1, JP-2,
JP-3, and JP-4) were tested in the genomic DNA of L1 Domino 99375 to validate
the BAC assembly.
Repeat Element Analysis. Repeat elements within the Bo-NK supercontig and
the UMD_3.1.1 assembly were identified and annotated using CENSORwith a
bovine-specific library downloaded from Repbase that included ancestral
sequences (48, 49). To estimate the density of each repeat family within the
whole-genome assembly (UMD_3.1.1), the assembled chromosomes were
broken into different bins of the same size as the Bo-NK contig (∼227 kb),
and those consisting of >10% gaps were excluded from the analysis. Repeat
density for each repeat family with more than five copies in a bin was rep-
resented by the repeat coverage per 1,000 bp. Ambiguous repeat elements
at boundaries were assigned to bins based on a minimum 50% repeat length
overlap threshold. Overlaps between repeats and bins were identified using
the GenomicRanges package from Bioconductor (50, 51). Repeat densities
across all bins were used to estimate the empirical cumulative distribution
function of each repeat family using the “ecdf” command in R and Bio-
conductor (52), which then was used to estimate the probability of sampling
a bin with a repeat density greater than the repeat density of the Bo-NK
supercontig [P(X > x)]. A repeat family was overrepresented in the Bo-NK
supercontig if P(X > x) was <0.05. Finally, repeat annotation plots were gen-
erated using the base graphics system in R (52).
Expression Profiles. Total RNA was extracted from the IPP, lung, thymus,
spleen, and RLN of three mixed-breed cattle using the RNeasy Mini kit
(Qiagen). RNA then was reverse transcribed into cDNA with a SuperScript II
Reverse Transcriptase kit (Invitrogen). Specific Taqman-MGB probes and
primers for each gene were designed using Primer Express v.2 (Applied
Biosystems) and Primer3. Quantitative PCR was performed in triplicate re-
actions. Themean threshold cycle value (Ct) of each samplewas normalized to
the internal control, GAPDH, and the expression profile for each gene was
obtained by comparing its normalized Ct value with the calibrator sample in
which the gene exhibited the lowest expression level.
Bacteria-Killing Assay. Overnight cultures of Gram-positive S. aureus (ATCC
25923) and Gram-negative E. coli (ATCC 25922) grown in lysogeny broth (LB)
at 37 °C with aeration were subcultured to fresh LB at a ratio of 1:50 and
were grown at 37 °C with aeration for another 2.5 h to midexponential
phase, washed, and resuspended in potassium phosphate buffer (10 mM,
pH 7.4) to a concentration of 3*106 cfu/mL. An aliquot of 110 μL of prepared
bacterial cells was incubated with 10 μL buffer or buffer plus peptides at
working concentrations of 0.05, 0.1, 0.5, and 1 μM at 37 °C for 2 h and then
was plated onto LB agar plates. Colonies of the surviving bacteria were
counted manually after overnight incubation at 37 °C.
TEM.One hundred ten microliters of E. coli cells (ATCC 25922) (3 * 108 cfu/mL)
were incubated with 10 μL buffer or 5 μM NK1 peptide at 37 °C for 20 min.
Cells were fixed with equal volume of 2.5% glutaraldehyde at room tem-
perature for 2 h and then were washed and placed in 0.1 M sodium caco-
dylate buffer. The fixed cells were postfixed in 1% OsO4 with 1% K4[Fe(CN)6]
for 1 h at 4 °C, rinsed with 0.1 M sodium cacodylate buffer followed by de-
hydration in an ascending ethanol gradient (50, 70, 80, 90, 95, and 100%), and
embedded in epoxy resin. Ultrathin sections were obtained with a Leica EM
UC6 Ultramicrotome, were poststained with uranyl acetate and lead citrate,
and were examined with a Morgagni 268 transmission electron microscope
(FEI). Additional image analyses were performed with ImageJ (53). Statistical
analysis of the mean electron intensities of 30 cells from both the control and
NK1-treated groups was performed with Student t-test (paired, two-tailed,
unequal variances).
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Retrotransposons: Genomic and Trans-Genomic Agents
of Change
Throughout this thesis, accumulation of retrotransposons has been treated as if they
are bound to the genome in which they reside. In this chapter horizontal transfer
of retrotransposons is explored in depth. This chapter shows that retrotransposons
are powerful agents of change and have the ability to alter genome evolution across
species boundaries. The following excerpt appears as chapter 4 in Evolutionary Biology:
Biodiversification from Genotype to Phenotype and discusses the role of retrotransposons






and Trans-Genomic Agents of Change
David L. Adelson, Reuben M. Buckley, Atma M. Ivancevic,
Zhipeng Qu and Lu Zeng
Abstract Genome structure in higher eukaryotes is highly dependent on the type
and abundance of transposable elements, particularly retrotransposons, in their
non-coding DNA. Retrotransposons are generally viewed as genomic parasites that
must be suppressed in order to ensure genome integrity. This perception is based on
the instances of retrotransposons having caused deleterious structural variation in
genomes. Recent data are beginning to provide a more positive view of the impact
of retrotransposons, particularly in mammals, where the evolution of the placenta
has depended on the exaptation of a type of retrotransposon, endogenous retrovi-
ruses. Finally, exosome trafficking of retrotransposons between cells has been
shown to induce the innate immune system gene expression, possibly indicative of
a role for retrotransposons in the regulation of the innate immune system. It may be
time for us to review the status of retrotransposons and reclassify them as symbionts
rather than parasites.
4.1 Evolutionary Origin and Structure of Retrotransposons
Genome structure and function are two sides of the same coin, and retrotransposons
(AKA retrotransposable elements, retroelements and retroposons), self-replicating
DNA sequences that are found in all eukaryotic taxa, have the capacity to make
larger changes to genome structure than other sources of variation—such as DNA
polymerase errors that lead to single nucleotide variation (SNV). Because retro-
transposons can account for the majority of the genome sequence in eukaryotes,
their accumulation and clade specificity have been implicated in speciation, regu-
lation of gene expression, exaptation and structural variation. Understanding the
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mechanisms that govern retrotransposon distribution and replication is thus of
fundamental importance.
The evolutionary origin of retrotransposons is a matter of debate, but sequence
similarity of their reverse transcriptases with the catalytic subunit of telomerase
(Eickbush 1997; Lingner et al. 1997) and phylogenetic studies of reverse trans-
criptase sequences can be interpreted to indicate that reverse transcriptase may have
evolved from telomerase, or telomerase is the result of co-opting reverse trans-
criptase. However, there are also good arguments for the ancient, prokaryotic origin
of reverse transcriptase as a descendant of group II introns, which are mobile,
self-splicing introns (Boeke 2003).
Retrotransposons can be divided into four major classes (Eickbush and
Jamburuthugoda 2008). This classification is based on the reverse transcriptase
enzyme required for replication and encoded by these elements. In vertebrates,
retrotransposons can account for half of the genome sequence, and in plants, up to
70 % of the genome. This chapter is focused on the mammalian/vertebrate retro-
transposons and these are commonly described as falling into two broad categories:
those containing long terminal repeats (LTR) and those not containing LTR
(non-LTR) (Jurka et al. 2007).
Non-LTR retrotransposons encode their own internal promoter and one or two
open reading frames (ORFs) with reverse transcriptase and endonuclease activities
that are used for replication (Fig. 4.1). LTR containing retrotransposons resemble
(endogenous) retroviruses (ERVs) in that they can contain additional ORFs similar
to those found in retroviruses, and these are referred to as endogenous retrovirus-
like elements (ERVL). ERVL LTR retrotransposons are believed to have evolved
from DNA transposons (Bao et al. 2010) and then acquired additional genes from
viruses such as env, allowing them to become retrovirus-like and to produce
infectious particles.
4.2 The Retrotransposon Life cycle
Retrotransposons replicate via an RNA intermediate that is reverse transcribed and
reinserted into the genome (Fig. 4.1) at short target motifs (Fig. 4.2) (Cost and
Boeke 1998). For non-LTR retrotransposons, also called long interspersed elements
(LINE), transcription is initiated by an internal Pol II promoter and the resulting
transcript is then translated to produce two proteins, one of which, ORF2p has both
reverse transcriptase and endonuclease activities (Feng et al. 1996; Moran et al.
1996). ORF2p has the ability to recognise short target sequences and initiate nicks
at those locations which subsequently serve to prime the reverse transcription of the
retrotransposon RNA directly into the genome (Eickbush and Jamburuthugoda
2008; Morrish et al. 2002).
Some retrotransposons do not contain ORFs (non-autonomous) and are depen-
dent on retrotransposons that do (autonomous) (Jurka et al. 2007). Autonomous
retrotransposons are longer (LINEs), whereas the shorter, non-autonomous
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elements are called short interspersed elements (SINEs). While LINEs are usually
ubiquitously distributed across taxa, SINEs are usually clade specific, as they result
from the fusion of an internal promoter containing transcript with the 3’ end of a
LINE.
The mechanism of SINE creation is still an open question, but most likely is a
function of aspects of the LINE life cycle. SINEs have a composite structure: a 5’
end similar to 5’ tRNA, 7SL RNA or 5S rRNA promoters, a unique region and a 3’
end similar to the 3’ tail of LINEs (Piskurek and Jackson 2012). The most accepted
hypothesis on SINE origins is based on the proposed template-switching mecha-
nism of Buzdin et al. (Buzdin et al. 2002; Gilbert and Labuda 2000; Gogvadze and
Buzdin 2009, Kramerov and Vassetzky 2005; Ohshima and Okada 2005). This
template-switching mechanism is based on the study of pseudogenes, where the
LINE (L1) reverse transcriptase switches from its own L1 mRNA to other nearby
Fig. 4.1 Retrotransposon life cycle: A TEs are transcribed by RNA Pol II and exported to the
cytoplasm (Swergold 1990). B In the cytoplasm, ORF1 and ORF2 are both translated. The ORF1
protein (ORF1p) is an RNA-binding protein believed to aid the entry of LINE L1 RNA into the
nucleus (Martin 2006). The ORF2 protein (ORF2p) has both endonuclease and reverse
transcriptase activities (Feng et al. 1996; Moran et al. 1996). C To enter the nucleus, ORF1p
and ORF2p form a complex with the L1 RNA known as a ribonuclear protein (RNP) (Martin
2006). D The endonuclease activity of ORF2p creates double-stranded breaks without insertion of
TEs (Gasior et al. 2006). E The endonuclease activity is essential for the process of target-primed
reverse transcription (TPRT). TPRT requires that ORF2p creates a nick in each strand at the
integration site. The LINE L1 RNA is then used as a template for the reverse transcriptase activity
of ORF2p (Cost et al. 2002). F L1 RNA is able to insert into and aid in repairing double-stranded
breaks independent of the endonuclease activity of ORF2p (Morrish et al. 2002)
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mRNA sequences through an RNA–RNA recombination process, thus creating new
recombinant pseudogenes (and possibly SINEs) during L1 insertion (Buzdin et al.
2002; Gogvadze et al. 2007; Ichiyanagi et al. 2007; Piskurek and Jackson 2012).
However, other investigators have suggested direct transposon into transposon
(TnT) insertion as an alternative mechanism for the creation of novel transposable
elements (Giordano et al. 2007; Ichiyanagi et al. 2007; Kriegs et al. 2007). The TnT
mode of retrotransposon generation is what has led to the formation of SVA
(SINE/VNTR/Alu) elements in humans, which are chimeric elements that can be
mobilised by L1 elements and contain Alu-like sequence, Variable Number of
Tandem Repeats (VNTR) sequence and SINE-R sequence resulting from a series of
TnT events (Ostertag et al. 2003). The template-switching and TnT mechanisms are
not mutually exclusive, and it is clear that both operate to create new SINEs, but at
present we do not know which mechanism dominates.
Because retrotransposons can control their own expression through internal
promoters [Pol II for LINEs and Pol III for SINEs and ERVs (Belancio et al. 2010a;
Dieci et al. 2013)], expression is inextricably linked to the retrotransposon repli-
cation and to the evolution of new SINEs. As a result of this ability to autono-
mously insert new copies from expressed sequences into the genome, eukaryotes
Fig. 4.2 Target-primed
Reverse Transcription (TPRT)
is how retrotransposons are
inserted into the genome.
ORF2p endonuclease activity
creates a nick in the DNA at
the AA/TTTT target site (Cost
and Boeke, 1998). ORF2p
reverse transcriptase activity
then uses the cDNA copy as a
template for DNA synthesis.
Next ORF2p endonuclease
activity creates a second nick
in the DNA. The second DNA
strand is then synthesised via
double-strand break (DSB)
repair and results in the
formation of short target site
duplications (TSD)
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have evolved mechanisms to keep retrotransposon expression in check in order to
avoid large-scale deleterious structural variation.
4.2.1 Retrotransposon Suppression
There appear to be two main mechanisms for retrotransposon suppression: tran-
scriptional repression and post-transcriptional degradation (Fig. 4.3). Transcriptional
repression can be caused by methylation of retrotransposon promoters or alteration
of chromatin state to make retrotransposons transcriptionally inaccessible. Proof for
the importance of methylation is evident from the phenotype of dnmt3l (DNA
(cytosine-5)-methyltransferase 3-like) knockout mice (Bourc’his and Bestor 2004;
Webster et al. 2005), which undergo meiotic catastrophe associated with the rampant
expression of retrotransposons in male germ cells. The dnmt3l locus encodes a
protein that regulates methyl transferase activity required to methylate and suppress
the activity of CpG islands in retrotransposon promoters (Vlachogiannis et al. 2015).
In addition to CpG island methylation, transcription can be repressed by the alter-
ation of chromatin status (Fadloun et al. 2013), and this may be mediated by piRNA
transported to the nucleus (Kuramochi-Miyagawa et al. 2008).
Post-transcriptional degradation of retrotransposon RNA in the male germ line is
mediated by piRNAs derived from retrotransposon sequences and amplified by the
ping-pong reaction (Aravin et al. 2008). In the female germ line, the situation
appears to be different, with siRNAs shown to mediate retrotransposon transcript
destruction via the RNA-induced silencing complex (RISC) pathway (Ciaudo et al.
2013; Watanabe et al. 2008).
There may also be additional mechanisms that can suppress retrotransposons at
the translational level (Grivna et al. 2006; Tanaka et al. 2011) or even at the
post-translational level to interfere with ORF proteins binding to retrotransposon
transcripts (Fig. 4.3) (Goodier et al. 2012). In spite of all of these mechanisms to
suppress retrotransposons at various steps in their life cycle, they are still tran-
scribed at some developmental stages and in many somatic tissues (Belancio et al.
2010b). Perhaps suppression is a loaded term in this context and perhaps what we
are observing is actually the regulation of retrotransposon expression.
4.2.2 Retrotransposon Expression
At certain phases of the mammalian life cycle, retrotransposons are negatively reg-
ulated to a lesser degree and are therefore transcribed and able to retrotranspose.
Because methylation of cytosine to 5-methyl-cytosine (5mC) is critical to retro-
transposon silencing, retrotransposons are potentially most active at times of low
genomic 5mC content, which occurs in mouse embryos at around 3.5 days of
embryonic development and also in primordial germ cells (Hackett and Surani 2013).
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Fig. 4.3 A schematic overview of retrotransposon suppression. Retrotransposons can be
suppressed by different mechanisms throughout their life cycle (Crichton et al. 2014).
Transcriptional suppression: In most cell types, retrotransposons are in a repressed state due to
high levels of DNA methylation or histone modifications (Fadloun et al. 2013; Meissner et al.
2008). In some specific developmental stages and cell types, some retrotransposon RNAs can be
transcribed bidirectionally and transported from the nucleus to the cytoplasm (Fadloun et al. 2013).
Post-transcriptional suppression: Retrotransposon RNAs can be silenced through the piRNA
pathway (mostly in the male germ line) or siRNA pathway (mostly in the female germ line). The
ping-pong cycle is a well-characterised model for piRNA synthesis. In the mouse, sense
retrotransposon RNAs are processed into primary piRNAs. MILI (or MIWI2) is recruited to cleave
antisense retrotransposon RNAs into secondary piRNAs with the guidance of primary piRNAs,
and mHEN1 is used to subsequently methylate their 3’ termini. Secondary piRNAs then bind with
MIWI2 (or MILI) to cleave sense retrotransposon RNAs into primary piRNAs and close the loop
of the ping-pong cycle (Aravin et al. 2008). piRNAs can also be transported to the nucleus to
repress the transcription of retrotransposon by directing DNA methylation (Kuramochi-Miyagawa
et al. 2008). For the siRNA pathway, sense and antisense retrotransposon transcripts can form
double-strand RNAs, which are cleaved into double-strand siRNAs by DICER. Then,
double-stranded siRNAs are unwound and loaded into the RISC to guide the degradation of
retrotransposons (Ciaudo et al. 2013; Watanabe et al. 2008). Translational suppression: The Tudor
domain-containing protein TDRD7 and MILI might be involved in the suppression of
retrotransposon activity during translation (Grivna et al. 2006; Tanaka et al. 2011). Other
repression mechanisms may also exist at later stages, such as the assembly stage of retrotransposon
RNA and retrotransposon-encoded proteins (Goodier et al. 2012)
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However, it is primarily in early embryos that L1 retrotransposons are transcribed
and retrotranspose (Kano et al. 2009). Presumably, other suppression mechanisms
keep retrotransposons in check in primary germ cells. In spite of significant levels of
global 5mC in the genome at other stages of development, retrotransposons are also
activated in specific somatic tissues, indicating that retrotransposon suppression is
more complex than just ensuring high levels of 5mC, and it may be less stringent in
some tissues/cell types. Faulkner et al. (2009) showed that up to 30 % of mouse or
human transcripts from all tissues are of retrotransposon origin and that retrotrans-
posons were transcribed in all tissues surveyed. Retrotransposon expression per se
does not always mean that retrotransposition is occurring, as some retrotransposons
have inserted into UTRs and are therefore transcribed as part of a mRNA. However,
it has been shown in both neural progenitor cells and in the human brain that
retrotransposition does occur at a detectable level, altering the genomic landscape of
that tissue (Baillie et al. 2011; Coufal et al. 2009).
Retrotransposon expression and subsequent retrotransposition have significant
impacts on the genomes of both germ line (via germ line insertions and early
embryonic insertions) and soma. Germ line insertions can then be transmitted
through vertical inheritance, while somatic insertions are not currently believed to
contribute to the vertical inheritance of novel insertions. However, there is another
mode of retrotransposon transmission: horizontal transfer, where retrotransposon
sequences jump to another cell or species, and this type of transfer may be the result
of a more general mechanism of intercellular retrotransposon transfer.
4.3 Horizontal Transfer
Horizontal transfer of transposons has been demonstrated in plants, insects and
vertebrates. In the context of retroviruses (including ERVs that have maintained
ORFs to support an infectious life cycle), horizontal transfer is a relatively com-
monplace event. For example, in plants, horizontal transfer of transposable ele-
ments is both widespread and frequent (El Baidouri et al. 2014). In animals,
horizontal transfer of DNA transposons is also widespread (Ivancevic et al. 2013).
A good example is in Drosophila melanogaster where P-elements swept through
the population starting in the 1950s via horizontal transfer (Daniels et al. 1990).
Mariner elements are also horizontally transmitted between species, including both
insects and mammals (Lampe et al. 2003; Lohe et al. 1995; Maruyama and Hartl
1991). Furthermore, Space Invader (SPIN) elements have been horizontally trans-
ferred in mammals and other tetrapods, as have OC1 elements (Gilbert et al. 2010;
Pace et al. 2008). It was not until the 1990s that the first evidence for horizontal
transfer of retrotransposons was published, when the patchy phylogenetic distri-
bution and likely horizontal transfer of BovB retrotransposons was first reported
(Kordis and Gubensek 1998, 1999a).
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4.3.1 BovB: An Example of Widespread Horizontal Transfer
The BovB retrotransposon (also known as LINE-RTE) is a 3.2 kb LINE with at
least one large ORF encoding a reverse transcriptase and a possible small ORF1
overlapping with the large ORF (Malik and Eickbush 1998). In cattle and sheep,
over a thousand full length BovB, hundreds of thousands of 5’ truncated BovB
fragments and derived SINEs (Bov-tA and Bov-tA2 (Lenstra et al. 1993; Okada and
Hamada 1997) account for *25 % of the genome sequence (Adelson et al. 2009;
Jiang et al. 2014). The high degree of sequence conservation of BovB with
sequences detected from the venom gland of Vipera ammodytes gave the first
support to the idea of horizontal transfer of this retrotransposon (Kordis and
Gubensek 1998, 1999b). BovB is now known to have a widespread, but patchy
phylogenetic distribution, coupled to a high degree of sequence conservation, two
of the hallmarks of horizontally transferred DNA (Fig. 4.4).
Even though BovB has horizontally transferred across a wide range of species, it
has not always colonised the genome to the same extent in different species. Some
Fig. 4.4 BovB phylogeny Maximum likelihood tree of aligned BovB sequences based on Walsh
et al. (2013), showing the sporadic distribution, sequence similarity and abundance of BovB
elements across taxa. Local support values are only shown if <0.9. The labels at each branch tip
give the species common name and (in brackets) the percentage of genome sequence identified as
BovB elements for that species. Reptile Tick 1 is Bothriocroton hydrosauri, Reptile Tick 2 is
Amblyomma limbatum; and the BovB genome coverage for these ticks is unknown
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lineages such as ruminants and afrotheria have a high percentage of their genomes
derived from BovB, whereas in other species BovB has not retrotransposed as
prolifically (Fig. 4.4). This difference may be indicative of either variability in how
different species suppress retrotransposons or it may simply reflect stochasticity in
the population dynamics of retrotransposon expansion in different genomes.
Presumably, the initial horizontal transfer event that results in retrotransposition and
replication needs only a single germ line incorporation which can either replicate
exponentially or “fizzle out” within the “genomic ecosystem” (Brookfield 2005; Le
Rouzic et al. 2007). It is clear based on the currently available small and biased
(towards mammals) sample of available genome sequences that retrotransposons as
exemplified by BovB are capable of widespread and near ubiquitous horizontal
transfer, and that this transfer might be enabled by parasites, such as ticks, that feed
on blood. However, what is currently lacking is/are the molecular mechanism(s) for
these transfers.
4.3.2 Possible Mechanisms/Modes of Transfer
A number of vectors, including arthropods, viruses, snails and DNA transposons,
have been proposed for horizontal transfer, and the current state of knowledge was
recently summarised by Ivancevic et al. (2013). It is relatively easy to see how a
virus or transposon might act as a vector to package or transpose retrotransposons,
but at the molecular level, it is not as obvious how eukaryotic vectors might effect
the transfer of retrotransposon sequences between species, let alone into the germ
line of another species.
4.3.2.1 Viruses as Vectors
For retrotransposons, the only example at present of a molecular virus vector is the
taterapox virus (a dsDNA virus) which may have mediated transfer of Sauria SINE
between reptiles and West African rodents (Piskurek and Okada 2007). This can be
viewed as a highly unusual transfer, as a non-autonomous retrotransposon should
not be as likely to colonise a new genome after transfer as an autonomous retro-
transposon, such as a LINE. However, if cognate autonomous LINEs are present in
both source and recipient species, a non-autonomous SINE could replicate effec-
tively in the recipient species. RNA viruses have also been proposed as vectors of
horizontal transfer for retrotransposons as they might package non-LTR retro-
transposon transcripts inside infectious virus particles, but a tangible example for
this type of transfer has yet to be demonstrated. Interestingly, Mariner-like DNA
transposons are the plausible vectors for transfer of the CR1 retrotransposon in
butterflies and moths (Sormacheva et al. 2012).
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4.3.2.2 Endogenous Retroviruses/LTR Retrotransposons
As mentioned in Sect. 4.1, LTR retrotransposons are believed to have arisen from
retrotransposons that acquired viral genes allowing them to become infectious,
possibly leading to the evolution of retroviruses (Shimotohno and Temin 1981). In
addition, waves of retroviral invasions into eukaryotic genomes have resulted in the
formation of ERVs. While some ERVs have remained endogenous, occasionally
they are able to become infectious and transfer to other genomes, where they can
cause disease and eventually become domesticated. This is currently the case for a
rodent ERV that has infected Koalas and is causing leukaemia in its new host while
colonising the germ line as a new ERV (Tarlinton et al. 2006). Over time,
domesticated retroviruses (ERVs) have contributed significantly to the genomic
landscape of eukaryotes and have been co-opted into various aspects of eukaryotic
biology (Feschotte and Gilbert 2012). In addition to this evolution of the capacity
for horizontal transfer via infection, it is possible that retroviruses could package
non-infectious non-LTR retrotransposons as a part of their viral payload. While
there is no solid evidence for such transfer, exosomes/microvesicles are able to
incorporate virus particles and transfer them to adjacent cells. This raises the
question of whether exosomes can also transfer retrotransposon sequences directly.
4.3.2.3 Exosomes/Vesicles as Vectors
Exosomes are a class of membrane vesicle that has recently been shown to contain
protein and RNA including miRNAs, piRNAs and retrotransposon sequences that
they can transport from cell to cell (Batagov and Kurochkin 2013, Li et al. 2013;
Skog et al. 2008; Valadi et al. 2007; Villarroya-Beltri et al. 2013; Yuan et al. 2009).
Furthermore, exosome transport of Pol III-produced retrotransposon sequences has
been specifically shown to regulate cancer therapy resistance pathways, including
interferon-stimulated genes by direct activation of retinoid acid-inducible gene 1
(RIG-I) (Boelens et al. 2014). One of the hallmarks of Pol III transcripts is their 5’
triphosphate group, which is recognised specifically by RIG-I as a trigger for acti-
vation. Pol III is responsible for the transcription of primarily housekeeping-type
genes such as tRNAs and rRNAs, but it also transcribes many other loci, including
SINEs that have originated from a fusion of Pol III promoter containing transcripts
with LINE 3’ sequences (Belancio et al. 2010b; Dieci et al. 2013). Because retro-
transposons are known to be somatically expressed (see Sect. 4.2.2) in many tissues
and cell types, they are likely to be present in exosomes exported by those cell types.
In the context of horizontal transfer, one can envision a number of potential
scenarios for intercellular transport of retrotransposon sequences by exosomes
(Fig. 4.5). Exosome-mediated transfer could allow transfer of retrotransposon
sequences from a mammal or reptile to somatic cells of a parasite such as a tick
through blood-borne exosomes. Within the tick, exosome-mediated transfer could
then allow transmission to the germ line from the soma and eventual transmission
back to other species used as food sources by that species of tick.
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While one might envision that the existing piRNA-based suppression system
might degrade these retrotransposon sequences rapidly, it also appears that retro-
transposon sequences (as exosome cargo) have been co-opted into a signalling role
for the innate immune system in vertebrates and used to activate interferon-
stimulated genes in the absence of interferon (Dreux et al. 2012; Li et al. 2013).
This would not be the first time that retrotransposon sequences have been co-opted
for gene regulation (Feschotte 2008; Feschotte and Gilbert 2012), but it introduces a
Fig. 4.5 Possible scenarios of intercellular transfer of transposable elements via exosomes. TEs
packaged in exosomes can be transferred between both somatic and germline cells. Within an
organism, a TE can travel from a somatic, exosome-generating cell directly (e.g. through the
blood) into a somatic, exosome-target cell by fusing with the plasma membrane and undergoing
endocytosis. Similarly, TEs can be horizontally transferred between the somatic cells of different
organisms or species, via some kind of vector (e.g. a parasite). Exosomes can also carry TEs from
the soma to the germ line, making them a permanent change in the genome that is eventually
passed down to the offspring. Note that for simplicity only entry to the male germ line is shown
above. In addition to the transfer of TEs, once inside the target cell, this “foreign RNA” from the
TE can trigger an interferon pathway response by inducing the interferon signal transduction
pathway via RIG-I. For example, in ruminants, exosomes loaded with ERV/TE RNAs trigger
pattern recognition receptors, stimulating the innate immune system and production of interferon-
tau, which plays a role in pregnancy recognition and placentation (see Sect. 4.4.4)
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new dimension of intercellular regulation of gene expression in the context of the
evolutionary impact of retrotransposons.
4.4 Evolutionary Impacts
Retrotransposons are known to affect genome structure and hence function. The
specific types of structural changes they introduce upon retrotransposition can have
a wide-ranging set of subsequent effects in terms of genome structure, gene
expression and gene function. More recently, it has become clear that retrotrans-
posons have had a profound impact on the evolution of placentation in mammals.
4.4.1 Genome Structure
Retrotransposon insertion can directly perturb gene structure, but it can also have
significant effects on a larger scale (Fig. 4.6). In particular, if retrotransposons form





can lead to changes in
genome structure. a Changes
in CNVs result from
non-allelic homologous
recombination (NAHR)
caused by the insertion of
many TEs from the same
family (Stankiewicz and
Lupski 2002; Startek et al.
2015). b Chromosomal
inversion is also the result of
NAHR (Stankiewicz and
Lupski 2002). c SINE
elements have potential to
drive change through gene
conversion (Roy et al. 2000)
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a substrate for non-allelic homologous recombination (NAHR) leading to segmental
duplication (Fig. 4.6a) (Stankiewicz and Lupski 2002; Startek et al. 2015).
However, statistical analysis of repeats in flanking regions of segmental duplica-
tions found that only *10 % of segmental duplications could be attributed to
flanking repetitive elements (Zhou and Mishra 2005). Other types of rearrange-
ments have been shown to result from arrays of repeats such as inversions
(Fig. 4.6b) and gene conversion (Fig. 4.6c).
While it is clear that retrotransposons can have indirect effects on genome
structure as mentioned above, given the limitations inherent in identifying small
segmental duplications and copy number variants the precise magnitude of these
effects is unknown.
4.4.2 Gene Expression
As shown in Fig. 4.7, transposable elements can insert into and next to genes,
affecting gene expression through multiple mechanisms, including epigenetic




Fig. 4.7 Retrotransposons can alter gene expression. a 5’ insertion of a retrotransposon with respect
to a gene. a TEs are able to act as alternative promoters to adjacent genes (Faulkner et al. 2009;
Speek 2001). b TEs are able to act as transcription factor binding sites (TFBS) and are thereby able
to modulate gene expression (Bourque et al. 2008). c In plants, epigenetic silencing of TEs silences
nearby genes; this is also likely to occur in animals (Buckley and Adelson 2014; Hollister and Gaut
2009). b 3’ insertion of a retrotransposon a polyA signal/tail of the retrotransposon can result in
shortened transcripts (Lee et al. 2008; Perepelitsa-Belancio and Deininger 2003). b Retrotransposon
insertion in the 3’ UTR of a gene can provide a target site for piRNAs which down-regulate gene
expression (Watanabe et al. 2014). c Intergenic insertion of TEs. a Insertion of TEs into a piRNA
cluster results in piRNAs that can target genes carrying TE-derived sequences (Yamamoto et al.
2013). b TEs involved in the origin and evolution of lncRNA (Kapusta et al. 2013)
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driving piRNA expression or altering 3’ UTR structure to affect mRNA stability.
Analysis of retrotransposon insertions into or near genes has shown that many
genes have been altered in ways that are likely to alter expression (Jjingo et al.
2011; Jordan et al. 2003) and analysis of enhancers has shown that retrotransposons
drive the evolution of eukaryotic enhancers (McDonald et al. 1997). All of these
effects on gene expression are subject to selection and are therefore part of the
evolutionary process. Not all insertions into genes will affect regulation of gene
expression, some can directly affect the coding sequence or coding potential of
genes through exaptation.
4.4.3 Exaptation
When retrotransposons contribute to non-coding or protein coding exon sequences,
they are referred to as exaptations. These exaptations may or may not be subject to
immediate purifying selection, depending on the type of change they cause. Some
exaptations that prove beneficial are selected for, but these are rare. Many examples
of exaptation come from non-coding transcripts, where retrotransposon insertions
have led to novel piRNA and miRNA transcripts (Jurka et al. 2007; Yamamoto
et al. 2013). In fact, only *50 instances of coding sequences derived from LTR
retrotransposons syntenic between human and mouse have been identified (Jurka
et al. 2007). One of these encodes the PEG10 (paternally expressed gene 10) locus,
which is required for placentation. Occasionally, insertion of a retrotransposon
sequence into an intron can lead to exonisation of part of the retrotransposon
sequence as an alternative transcript through the presence of splice donor/acceptor
sites in the sequence (Fig. 4.8). When this happens, sometimes the alternative
transcripts are deleterious because of impaired function, and the regulation of
alternative splicing may then become an additional regulatory mechanism for the
affected gene (Lorenz et al. 2007).
4.4.4 Innate Immunity/Pregnancy Recognition
Some exaptations of retrotransposon sequences have been well-characterised,
particularly in terms of the evolution of placentation. There is strong evidence for
exaptation of ERV genes in both mouse and hominoid primates required for pla-
cental function (Chuong 2013; Haig 2012; Mallet et al. 2004). One of the most
striking such exaptations is the role of endogenous jaagsiekte retrovirus (enJSRV)
in ruminant pregnancy recognition and placentation. The domestic ruminant con-
ceptus expresses interferon-tau (IFNT) from days 10 to 12, which dramatically
alters gene expression in the uterine epithelium and stroma (Bazer et al. 2008;
Dunlap et al. 2006; Gray et al. 2006; Spencer and Bazer 1995). At the same time,
enJSRVs are released into the ruminant reproductive tract and they are known to
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regulate key peri-implantation development in the embryo and placenta (Dunlap
et al. 2005, 2006). enJSRVs therefore have been exapted to regulate key aspects of
development associated with implantation and placentation by virtue of their ability
to trigger expression of IFNT expression in the conceptus. Recently, exosomes have
been shown to be part of the specific mechanism used to trigger IFNT expression in
this system, but without specifically testing for retrotransposon RNA content
(Ruiz-Gonz ez et al. 2014, 2015). We speculate that exosomes loaded with retro-
transposon sequences may also be involved in pregnancy recognition more gen-
erally in order to activate the STAT1 pathway in an interferon-free fashion.
SINE/ERV transcripts packaged into exosomes can trigger RIG-I in target cells
leading to IFN independent activation of the IFN pathway, leading us to speculate
that the role of retrotransposons is broader than previously thought, and that they
may be involved in global regulation of the innate immune system.
4.5 Conclusion
Retrotransposons are abundant, found in a broad phylogenetic distribution and yet
in spite of clade specific non-autonomous variants, exhibit a significant degree of
commonality. Furthermore, their transcription is highly regulated, rather than
Fig. 4.8 Retrotransposon exaptation influences mRNA processing and can cause multiple splice
variants. At the top, the UCSC browser (Kent et al. 2002) track for the human NOS3 gene is
shown, including repeat element annotation. Below, a schematic of the 3’ end of the human NOS3
gene illustrating an Alu element (black bar) inserted into intron 13. This retrotransposon provides
exon 14 alternative splicing version 1. An adjacent L1 insertion can result in exon 14 alternative
splicing version 2 (Lorenz et al. 2007). Dashed lines indicate a splicing event
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suppressed at all times. These facts, along with the evidence of pervasive and
widespread horizontal transfer and an exosome-based mechanism for transfer that
has likely co-evolved with the innate immune system and placentation, suggest to
us that retrotransposons are not genomic parasites but rather genomic symbionts.
We hypothesise that mammals and other vertebrates depend on these symbionts for
cell-to-cell signalling in innate immunity and reproduction.
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Chapter 7
Conclusions and Future Directions
Retrotransposons are a powerful force in mammalian genome evolution, making up a
large fraction of mammalian non-coding DNA. However, their large-scale accumulation
patterns and interactions with genome structure upon insertion are poorly characterised
Throughout my thesis I analysed the factors that shape retrotransposon accumulation
as well as their potential impact on genome evolution. I developed novel comparative
genomics approaches that made it possible to capture complex evolutionary events across
large sections of poorly conserved non-coding DNA. My results showed that L1s and
SINEs accumulated along similar evolutionary trajectories consistent with genome-wide
chromatin structure and gene density. Retrotransposons insert into open chromatin, which
is usually found in gene-rich genomic regions. In these regions smaller insertions are
much more likely to be tolerated. Therefore, after insertion, L1s are usually purged
from gene-rich regions due to purifying selection, while tolerated insertions in gene-
poor regions accumulate over time. These retrotransposon accumulation dynamics are
conserved across mammals and result in significant overlap of L1 and SINE enriched
regions across different species.
While L1s and SINEs tend to accumulate in the same regions independently, it is important
to realise that conserved dynamics across different systems can occasionally lead to
divergent outcomes. From analysing the regional DNA gain and loss in human and mouse,
I found that regional rates of DNA turnover were consistent with divergent evolution of
genome architecture. Initially this seemed contrary to the above findings, however closer
analysis showed that this was mostly caused by lineage-specific accumulation rates of L1s
and SINEs. Moreover, DNA loss occurred in open chromatin where retrotransposons tend
to insert, indicating that particular genomic regions undergo a high degree of ‘churning’.
From the approaches I developed in this thesis, there are two predominant methods:
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humanisation of retrotransposon distributions and identification of DNA gain and
loss events. Humanisation of retrotransposon distributions is the mapping of the
retrotransposon content of large genomic regions (approximately 1 Mb) from a non-human
species over to the human genome, essentially modelling non-human retrotransposon
accumulation as if it had occurred within human chromosomes. The novelty of this
approach meant that for the first time I was able to directly compare retrotransposon
accumulation patterns on a region to region basis across many species simultaneously.
This was a significant improvement on previous analyses that mainly relied on some
other genomic feature such as GC content as a proxy for comparing retrotransposon
accumulation patterns. For identification of gain and loss events, I took advantage of
genome-wide pairwise alignments from multiple species. Similar to previous approaches
I used retrotransposons and outgroup ancestry to assign gaps between a reference and
query genome as either DNA gains or DNA losses. However, my method extended this
approach by utilising the multi-level annotation of genome alignment nets, making it
possible to untangle complex evolutionary genomic rearrangements and map individual
events between species. Perhaps the most novel aspect of this method is the ability to both
map and quantify DNA loss events at the loci where they originally occurred. Previously,
DNA loss events from a particular genome had only been analysed within the genomes
of other species, where the DNA still remained. The methods developed in this thesis
were extremely effective at illuminating the hidden complexity of mammalian genome
evolution and the impact of retrotransposons.
One of the primary limitations of this thesis is the breadth of analysed species. Until
recently, mammalian genome sequencing was an expensive endeavour, causing many of
the earlier projects to be centred around species of medical or agricultural importance.
This is problematic for studying evolution, as many of these species have experienced
artificial evolutionary scenarios such as domestication. These kinds of processes can result
in species carrying unique genomic signatures that may be uncharacteristic of evolution
in the wild. As sequencing projects with new technologies lead to a broad range of high
quality genomes, it will be possible to characterise a much wider selection of mammalian
genomes.
Another limitation for my analysis was identification and classification of retrotransposons.
Due to their size and repetitive nature, retrotransposons are difficult to map as full length
elements, as they are often longer than the reads generated from most sequencing platforms.
For many genomes high retrotransposon density can cause genome misassembly.
Additionally, many programs used to identify retrotransposons use a library based
approach, where retrotransposons are identified based on alignment with known sequences.
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Because most work focuses on human and mouse, their retrotransposons are classified
into very specific families. In contrast, other species retrotransposon classifications are
much less specific. This makes it difficult to associate individual retrotransposon families
with species divergence.
In this thesis there are many areas where further analysis can be performed, expanding
the scope of my findings. Throughout my research I characterised novel approaches for
analysing retrotransposon mediated genome evolution, such as using pairwise alignments
to detect DNA gain and loss events. Applying DNA gain and loss detection to a wider range
of species will help develop further insight into the evolutionary impact of retrotransposons.
One situation where DNA gain and loss detection would be useful is in species that have
a divergent retrotransposon landscape from the species I analysed in chapters 2 and 3. For
example, there are various mammalian clades where BovB elements have been introduced
through independent horizontal transfer events. In these clades BovBs and their associated
SINEs add an extra dimension to retrotransposon accumulation dynamics; they often
replicate alongside L1s but use their own distinct replication machinery. In chapter 4, I
showed that BovB mobilised SINEs accumulated in gene-poor regions instead of open
chromatin gene-rich regions where L1 mobilised SINEs tend to accumulate. Further
analysis of such genomes will lead to a more refined perspective on retrotransposon
insertion dynamics.
Expanding our analysis to birds would also help provide significant insight into genome
evolutionary dynamics of complex organisms. This is because the composition of avian
genomes is quite distinct from mammals. For example, bird genomes contain varying
numbers of microchromosomes and are significantly smaller than mammalian genomes.
Additionally, their genome evolutionary dynamics are comparable to mammals as they
have taken place over a similar time-frame. Using DNA gain and loss detection combined
with multiple pairwise alignments, it will be possible to identify lineage-specific gain and
loss events across the bird phylogeny. The genomic distributions of these gain and loss
events can then be compared to the distribution of other types of genomic features. This
will help determine if the forces shaping genome size dynamics are constant across both
birds and mammals, and may provide insight into the origin and evolutionary trajectories
of micro chromosomes.
Collectively, my findings demonstrate that complex mammalian genome architecture




Supplementary for Chapter 2
166
Supplementary figures and tables Buckley et al
Supplementary figures



















min map fraction = 0
P−value = 0










































min map fraction = 0.2
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min map fraction = 0.3
P−value = 0.315
Figure S1: Minimum mapping fraction. Increasing the minimum mapping fraction threshold provides humanised retro-
transposon genomic distributions a better representation of the remaining proportion of the query species genome. Similarity
between distributions is measured by calculating a P-value from the Kolmogorov-Smirnov test. A higher P-value represents a
better representation of the unhumanised retrotransposon genomic distribution.
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Figure S2: Example analysis of retrotransposon density at feature boundaries. a, Retrotransposons and features are
interspersed across a genome. Feature in this case can refer to one of either gene, exon, or DNase1 cluster. b, Inter-feature
intervals are split into left and right halves and aligned according to their feature boundaries. c From this, the coverage of
retrotransposons and the position depth at each position are calculated. Finally, the retrotransposon density at each position is
calculated as retrotransposon coverage over position epth.
2
168
Supplementary figures and tables Buckley et al
Retrotransposon accumulation in smaller intervals































Retrotransposon accumulation at feature boundaries































Figure S3: Example of how interval size accumulation bias can affect retrotransposon density calculations. Density of
retrotransposon insertions across intervals of different size. In both scenarios there appears to be retrotransposon enrichment
at feature boundaries. This can result from preferential accumulation into smaller intervals or feature dense regions, rather
than preferential retrotransposon accumulation at feature boundaries.
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Figure S4: Percent genome coverage of retrotransposon groups.
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Figure S5: Percent genome coverage of retrotransposon families.
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Figure S6: Human mismatch scores for each retrotransposon family. Scores are calculated based on percentage mismatch
of each repeat element from consensus sequence.
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Figure S7: Chimpanzee mismatch scores for each retrotransposon family. Scores are calculated based on percentage
mismatch of each repeat element from consensus sequence.
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Figure S8: Rhesus Macaque mismatch scores for each retrotransposon family. Scores are calculated based on percentage
mismatch of each repeat element from consensus sequence.
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Figure S9: Mouse mismatch scores for each retrotransposon family. Scores are calculated based on percentage mismatch
of each repeat element from consensus sequence.
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Figure S10: Rabbit mismatch scores for each retrotransposon family. Scores are calculated based on percentage mismatch
of each repeat element from consensus sequence.
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Figure S11: Dog mismatch scores for each retrotransposon family. Scores are calculated based on percentage mismatch of
each repeat element from consensus sequence.
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Figure S12: Horse mismatch scores for each retrotransposon family. Scores are calculated based on percentage mismatch
of each repeat element from consensus sequence.
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Figure S13: Pig mismatch scores for each retrotransposon family. Scores are calculated based on percentage mismatch of
each repeat element from consensus sequence.
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Figure S14: Pairwise genomic correlations of retrotransposon distributions. Pairwise correlation analysis was carried out
on retrotransposon family densities in 1 Mb genomic segments.
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Figure S15: Overlapping fractions of each RD type. The overlapping fraction of a particular RD type across 16 RD samples.






































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Figure S16: Mapping fractions of the human genome. PCA biplots of human segments, where each segment is coloured
according to the fraction that maps to a segment in a given non-human query species.
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Figure S17: Mapping fractions of each non-human speceis’ genome. PCA biplots of genome segments from each non-
human query species, where each segment is coloured according to the fraction that maps to human segments.
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Figure S18: Pairwise correlation comparisons of human and humanised chimpanzee retrotransposon genomic distri-
butions. Values in the top left reflect the proportion of each genome analysed after filtering at each minimum mapping fraction
threshold. Heatmap colours represent Pearson’s correlation coefficient. Chimpanzee P-values represent the effect of human-
ising on the filtered chimpanzee retrotransposon density distribution. Human P-values represent the effect of filtering on the
human retrotransposon density distribution.
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Figure S19: Pairwise correlation comparisons of human and humanised rhesus macaque retrotransposon genomic
distributions. Values in the top left reflect the proportion of each genome analysed after filtering at each minimum mapping
fraction threshold. Heatmap colours represent Pearson’s correlation coefficient. Rhesus macaque P-values represent the effect
of humanising on the filtered rhesus macaque retrotransposon density distribution. Human P-values represent the effect of
filtering on the human retrotransposon density distribution.
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Figure S20: Pairwise correlation comparisons of human and humanised mouse retrotransposon genomic distributions.
Values in the top left reflect the proportion of each genome analysed after filtering at each minimum mapping fraction thresh-
old. Heatmap colours represent Pearson’s correlation coefficient. Mouse P-values represent the effect of humanising on the








































































































































































































































































































































































Figure S21: Pairwise correlation comparisons of human and humanised rabbit retrotransposon genomic distributions.
Values in the top left reflect the proportion of each genome analysed after filtering at each minimum mapping fraction thresh-
old. Heatmap colours represent Pearson’s correlation coefficient. Rabbit P-values represent the effect of humanising on the





































































































































































































































































































































































Figure S22: Pairwise correlation comparisons of human and humanised dog retrotransposon genomic distributions.
Values in the top left reflect the proportion of each genome analysed after filtering at each minimum mapping fraction thresh-
old. Heatmap colours represent Pearson’s correlation coefficient. Dog P-values represent the effect of humanising on the













































































































































































































































































































































































Figure S23: Pairwise correlation comparisons of human and humanised horse retrotransposon genomic distributions.
Values in the top left reflect the proportion of each genome analysed after filtering at each minimum mapping fraction thresh-
old. Heatmap colours represent Pearson’s correlation coefficient. Horse P-values represent the effect of humanising on the

























































































































































































































































































































































Figure S24: Pairwise correlation comparisons of human and humanised pig retrotransposon genomic distributions.
Values in the top left reflect the proportion of each genome analysed after filtering at each minimum mapping fraction thresh-
old. Heatmap colours represent Pearson’s correlation coefficient. Pig P-values represent the effect of humanising on the
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Figure S25: Genome properties of replication domains across each dataset. Constitutive replication timing domains were
identified for both ERDs and LRDs in intergenic and intronic regions. Blue dotted lines represent the mean interval size for
intervals found in regions of opposite replication timing. Constitutive domains are coloured in red. The width of each box
represents the relative number of intergenic or intronic regions per cell line in either ERDs or LRDs. Cell lines are ordered by
mean interval size of intergenic regions in ERDs from lowest to highest.
26
192
























































































































































































































































































0.01 0.1 1 10 100 1000 10000
Figure S26: Interval size bias of retrotransposon density for intervals between DNase1 clusters. Retrotransposon density
for different sized intervals is represented at each point. A line was fitted using LOESS and standard error estimates are
represented by cross hatching. The expected retrotransposon density at each interval size is shown by the dotted line. A
confidence interval of 3 standard deviations from expected is represented by black solid lines.
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Figure S27: Smoothed corrected retrotransposon density at the boundaries of DNase1 clusters. Retrotransposon densities
were corrected for bias levels corresponding to the interval sizes present at each position from the boundary. A confidence
interval of 3 standard deviations from expected is represented by black solid lines Retrotransposon densities were smoothed
by using an expanding window from which variance was calculated. Retrotransposon density variance is represented by cross
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Figure S28: Smoothed corrected Alu and new L1 density at the boundaries of DNase1 clusters. Retrotransposon densities
were corrected for bias levels corresponding to the interval sizes present at each position from the boundary. A confidence
interval of 3 standard deviations from expected is represented by black solid lines Retrotransposon densities were smoothed
by using an expanding window from which variance was calculated. Retrotransposon density variance is represented by cross
hatching at three standard deviations. However, in this case levels of variance for both expected and smoothed retrotransposon
densities are negligible. For both Alu and new L1 the most recent and least recent families are displayed.
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Figure S29: Interval size bias of retrotransposon density for intergenic regions. Retrotransposon density for different
sized intervals is represented at each point. A line was fitted using LOESS and standard error estimates are represented by
cross hatching. The expected retrotransposon density at each interval size is represented by the dotted line. A confidence
interval of 3 standard deviations from expected is represented by black solid lines.
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Figure S30: Smoothed corrected retrotransposon density at the boundaries of genes. Retrotransposon densities were
corrected for bias levels corresponding to the interval sizes present at each position from the boundary. Black lines represent
three standard deviations from expected densities. Retrotransposon densities were smoothed by using an expanding window
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Figure S31: Interval size bias of retrotransposon density for introns. Retrotransposon density for different sized intervals
is represented at each point. A line was fitted using LOESS and standard error estimates are represented by cross hatching.
The expected Retrotransposon density at each interval size is shown by the dotted line. A confidence interval of 3 standard
deviations from expected is represented by black solid lines.
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Figure S32: Smoothed corrected retrotransposon density at the boundaries of exons. Retrotransposon densities were
corrected for bias levels corresponding to the interval sizes present at each position from the boundary. Black lines represent
three standard deviations from expected densities. Retrotransposon densities were smoothed by using an expanding window
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Supplementary Tables
Species Assembly source Retrotransposon annotation url AXT alignment url
human hg19 UCSC hg19/database/rmsk.txt.gz
chimpanzee panTro4 UCSC panTro4/database/rmsk.txt.gz hg19/vsPanTro4/axtNet/
rhesus macaque rheMac3 UCSC rheMac3/database/rmsk.txt.gz hg19/vsRheMac3/axtNet/
mouse mm9 UCSC mm9/database/rmsk.txt.gz hg19/vsMm9/axtNet/
rabbit oryCun2 RepeatMasker oryCun.html hg19/vsOryCun2/axtNet/
dog canFam3 UCSC canFam3/database/rmsk.txt.gz hg19/vsCanFam3/axtNet/
horse equCab2 RepeatMasker equCab.html hg19/vsEquCab2/axtNet/
pig susScr2 RepeatMasker susScr.html hg19/vsSusScr2/axtNet/
Table S1: Datasets we extracted retrotransposon coordinates and genome alignments from. For retro-
transposon annotations, tables sourced from UCSC can be found by adding the extensions to the following
url: http://hgdownload.soe.ucsc.edu/goldenPath/. Tables sourced form the RepeatMasker web-
site can be found by adding the extensions to http://www.repeatmasker.org/genomes/ and clicking on
the appropriate .fa.out.gz file. For AXT alignments, the data can be found by adding the extension to
http://hgdownload.soe.ucsc.edu/goldenPath/.
cell line replication domain files replication timing url extension
BG02ES GSE53984 GSM923453 Bg02es Rep1 segments.bed.gz wgEncodeUwRepliSeqBg02esWaveSignalRep1.txt.gz
BJ GSE53984 GSM923444 Bj Rep1 segments.bed.gz wgEncodeUwRepliSeqBjWaveSignalRep1.txt.gz
BJ GSE53984 GSM923444 Bj Rep2 segments.bed.gz wgEncodeUwRepliSeqBjWaveSignalRep2.txt.gz
GM06990 GSE53984 GSM923443 Gm06990 Rep1 segments.bed.gz wgEncodeUwRepliSeqGm06990WaveSignalRep1.txt.gz
GM12801 GSE53984 GSM923440 Gm12801 Rep1 segments.bed.gz wgEncodeUwRepliSeqGm12801WaveSignalRep1.txt.gz
GM12812 GSE53984 GSM923439 Gm12812 Rep1 segments.bed.gz wgEncodeUwRepliSeqGm12812WaveSignalRep1.txt.gz
GM12813 GSE53984 GSM923450 Gm12813 Rep1 segments.bed.gz wgEncodeUwRepliSeqGm12813WaveSignalRep1.txt.gz
GM12878 GSE53984 GSM923451 Gm12878 Rep1 segments.bed.gz wgEncodeUwRepliSeqGm12878WaveSignalRep1.txt.gz
HeLa-S3 GSE53984 GSM923449 Helas3 Rep1 segments.bed.gz wgEncodeUwRepliSeqHelas3WaveSignalRep1.txt.gz
HepG2 GSE53984 GSM923446 Hepg2 Rep1 segments.bed.gz wgEncodeUwRepliSeqHepg2WaveSignalRep1.txt.gz
HUVEC GSE53984 GSM923452 Huvec Rep1 segments.bed.gz wgEncodeUwRepliSeqHuvecWaveSignalRep1.txt.gz
IMR90 GSE53984 GSM923447 Imr90 Rep1 segments.bed.gz wgEncodeUwRepliSeqImr90WaveSignalRep1.txt.gz
K562 GSE53984 GSM923448 K562 Rep1 segments.bed.gz wgEncodeUwRepliSeqK562WaveSignalRep1.txt.gz
MCF-7 GSE53984 GSM923442 Mcf7 Rep1 segments.bed.gz wgEncodeUwRepliSeqMcf7WaveSignalRep1.txt.gz
NHEK GSE53984 GSM923445 Nhek Rep1 segments.bed.gz wgEncodeUwRepliSeqNhekWaveSignalRep1.txt.gz
SK-N-SH GSE53984 GSM923441 Sknsh Rep1 segments.bed.gz wgEncodeUwRepliSeqSknshWaveSignalRep1.txt.gz
Table S2: Datasets we extracted human repli-Seq replication timing profiles from. Replication domains can be found via
the accession GSE53984 or the url: http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE53984.
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Table S3: Datasets we extracted mouse repli-CHiP replication timing profiles from. Replication tim-
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Table S4: Datasets we extracted DNase1 hypersensitive sites from. Tables can be
found on the UCSC genome browser by adding the extensions to the following url:
http://hgdownload.soe.ucsc.edu/goldenPath/hg19/database/.
Intergenic Intron
filtering operation intervals filtering operation intervals
extract intervals between
genes 21,392






remove intervals with strand
conflicts 20,148
remove intervals overlap-
ping other genes 164,448
Table S5: Filtering of intergenic and intron intervals. All operations were performed on RefSeq gene annotations obtained
from the UCSC genome browser.
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Cell Lineage Tissue Sex DNase1 Repli.Seq
BG02ES inner cell mass embryonic stem cell M
BJ skin M
GM06990 mesoderm blood F
GM12801 mesoderm blood M
GM12812 mesoderm blood M
GM12813 mesoderm blood F
GM12878 mesoderm blood F
GM12891 mesoderm blood M
GM12892 mesoderm blood F
GM18507 mesoderm blood M
GM19239 mesoderm blood M
H1-hESC inner cell mass embryonic stem cell M
HeLa-S3 ectoderm cervix F
HepG2 endoderm liver M
HTR8svn ectoderm blastula F
HUVEC mesoderm blood vessel U
IMR90 endoderm lung F
K562 mesoderm blood F
MCF-7 ectoderm breast F
Medullo ectoderm brain U
NHEK ectoderm skin U
PanIslets endoderm pancreas M
SK-N-SH ectoderm brain F
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Source Description Catagory Tissue Sex
CH12 B-cell lymphoma (GM12878 analog) cellLine blood F
EpiSC-5 epidermal stem cell primaryCells M
EpiSC-7 epidermal stem cell primaryCells M
ES-D3 ES-cells isolated from 129S2/SvPas primaryCells M
ES-EM5Sox17huCD25
ES cell line that bears the gfp and human
IL2R alpha (also known as CD25) marker
genes in the goosecoid (Gsc) and Sox17
loci, derived from EB5
primaryCells U
ES-TT2 ES-cells isolated from C57BL/6xCBA primaryCells M
J185a Fetal myoblast Desmin+ cellLine U
L1210 lymphoblast from 8 month female cellLine blood F
MEL Leukemia (K562 analog) cellLine blood M



















































































































































































































































































































Table S8: Pairwise genomic correlations for cell-line replication timing. Pairwise correlation analysis was carried out on
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Figure S1: Genomic regions filtered from hg19. Gaps outside of nets   10 kb are shown in black above each chromosome.
non-RBH regions   10 kb are shown in red below each chromosome. Assembly gaps are plotted in black within chromosomes.
Syntenic blocks are coloured according to which chromosome they belong to in mm10. The trace running through each
syntenic block represents its mm10 chromosomal position and orientation, running top to bottom (50 to 30).
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Figure S2: Genomic regions filtered from mm10. Gaps outside of nets   10 kb are shown in black above each chromosome.
non-RBH regions   10 kb are shown in red below each chromosome. Assembly gaps are plotted in black within chromosomes.
Syntenic blocks are coloured according to which chromosome they belong to in hg19. The trace running through each syntenic
block represents its hg19 chromosomal position and orientation, running top to bottom (50 to 30).
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Figure S3: Coverage depth of fills extracted from outgroup species. Coverage depth is measured by number of overlapping
outgroup species. Ancestral DNA % is the proportion of total bp in hg19 and mm10 that overlap at least one fill extracted
from an outgroup species.
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Figure S4: Error profile and coverage depth for identifying ancestral elements. Minimum coverage depth threshold for
identifying ancestral elements is plotted against total proportion of identified type 1 errors and the proportional increase in
type 2 error rate. Type 1 errors are identified as known recent transposons that overlap fills extracted from outgroup species.
Type 2 errors are identified as fills between hg19 and mm10 that do not overlap fills extracted from outgroup species. Type
2 error increase is the reduction in the overlap between outgroup and ingroup (hg19 and mm10) fills as minnimum coverage
depth threshold increases. For hg19 and mm10 we chose a minimum coverage depth of 6 and 4 respectively.
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Figure S5: Transposon family classification with linear discriminant analysis. Each rectangle represents the members of a
transposon family under our prior recent and ancestral classification. For example, a rectangle coloured black represents
the members of a particular transposon family that do not overlap ancestral elements. Rectangle width is the interquartile
range of percent divergence from consensus and rectangle height is proportional to total genome coverage. The dotted line
is the classification boundary determined by linear discriminant analysis. Rectangles above the line are transposon families
classified as recent and rectangles below the line are transposon families classified as ancestral.
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Figure S6: Transposon family period of activity and percent divergence from consensus. Transposons identified as recently
active were classified as recent by our classifier and belong to families not shared between human and mouse. Transposons
identified as active during divergence were classified as recent by our classifier and belong to families shared between human
and mouse. Transposons identified as active within the ancestor were classified as ancestral by our classifier and belong to
families shared between human and mouse. Transposons classified as ancestral by our classifier that belong to families not
shared between human and mouse are not shown.
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Figure S7: Rank comparison of gap annotation methods per 200 kb bin in hg19 genomic background.
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Figure S8: Rank comparison of gap annotation methods per 200 kb bin in mm10 genomic background.
8
214





























































Figure S9: Genomic distribution of gain and loss hotspots for hg19 and mm10 plotted against mm10 synthetic genome. Grey
regions indicate bins with  150 kb of RBH nets and black vertical lines represent 50 Mb on non-synthetic genome. Inset
table represents percent overlap of gain and loss hotspots. The percentages were calculated using the hotspots labelled in each
row as the denominator. ‘*’ and ‘**’ represent p-values below .05 and .01 respectively based on the Fisher statistic.
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Figure S10: Over representation of biological process GO terms in gain and loss hotspots in mm10. The axes are marked
according to -log10 P-values. The size of points represents the total umber of annotations for each GO term.
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Figure S11: Significant biological process GO terms in mm10 background. Parent terms were the top level biological process
GO terms while child terms were those beneath each parent term. Child terms were identified as significant at a FDR < 0.05
based on a Fisher test using the ‘classic’ algorithm. The Y axis represents the proportion of child GO terms that belong to
each parant GO term. Proportions don’t add up to 1 because some child GO terms are shared between parent GO terms. We
also show the number of non-redundant GO terms and genes annotated with significant GO terms for each gap annotation.
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Figure S12: Comparison of significant biological process GO terms and annotated genes. GO terms were identified as
significant at a FDR < 0.05 based on a Fisher test using the ‘classic’ algorithm. Annotated genes are genes that have been
annotated with at least one of the significant GO terms. GO term lists and gene lists in each set are non-redundant.
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Lineage-specific 435.5 (480) 0.03 (6) 435.5 (486)
Shared 136.1 (176) 345.4 (660) 481.5 (836)






Lineage-specific 636.7 (512) 0.4 (5) 637.1 (517)
Shared 27.6 (177) 71.3 (659) 98.9 (836)
Total 664.3 (689) 71.7 (664) 736.0 (1353)
Table S1: hg19 and mm10 classification of transposon families. Transposon classification compares our LDA classifier against
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Table S2: List of outgroup genomes used to identify ancestral elements in hg19 and mm10
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Algorithm GO.ID Term Significant Expected p-value
classic GO:0008150 biological process 636 6.82 < 1⇥ 10 30
GO:0009987 cellular process 581 6.15 < 1⇥ 10 30
GO:0008152 metabolic process 438 4.48 < 1⇥ 10 30
GO:0071704 organic substance metabolic process 428 4.32 < 1⇥ 10 30
GO:0044763 single-organism cellular process 464 4.94 < 1⇥ 10 30
GO:0044238 primary metabolic process 412 4.13 < 1⇥ 10 30
GO:0044237 cellular metabolic process 412 4.14 < 1⇥ 10 30
GO:0044699 single-organism process 494 5.45 < 1⇥ 10 30
GO:0050794 regulation of cellular process 402 4.10 < 1⇥ 10 30
GO:0065007 biological regulation 431 4.60 < 1⇥ 10 30
elim GO:0045944 positive regulation of transcription fro... 46 0.45 < 1⇥ 10 30
GO:0000122 negative regulation of transcription fro... 37 0.32 < 1⇥ 10 30
GO:0051301 cell division 33 0.25 < 1⇥ 10 30
GO:0007165 signal transduction 230 2.33 < 1⇥ 10 30
GO:0043547 positive regulation of GTPase activity 25 0.28 < 1⇥ 10 30
GO:0015031 protein transport 84 0.79 < 1⇥ 10 30
GO:0055114 oxidation-reduction process 46 0.41 < 1⇥ 10 30
GO:0008150 biological process 636 6.82 < 1⇥ 10 30
GO:0006355 regulation of transcription, DNA-templat... 131 1.38 1.5⇥ 10 30
GO:0008283 cell proliferation 90 0.83 2.6⇥ 10 30
weight GO:0006468 protein phosphorylation 92 0.82 1.2⇥ 10 16
GO:0006357 regulation of transcription from RNA pol... 85 0.79 1.5⇥ 10 15
GO:1903047 mitotic cell cycle process 59 0.40 5.1⇥ 10 14
GO:0034645 cellular macromolecule biosynthetic proc... 208 1.97 4.4⇥ 10 12
GO:0007165 signal transduction 230 2.33 8.5⇥ 10 12
GO:0010628 positive regulation of gene expression 74 0.73 5.7⇥ 10 11
GO:0065003 macromolecular complex assembly 83 0.71 8.3⇥ 10 11
GO:1902589 single-organism organelle organization 76 0.74 3.6⇥ 10 9
GO:0008283 cell proliferation 90 0.83 5.3⇥ 10 9
GO:0018193 peptidyl-amino acid modification 70 0.52 7.1⇥ 10 9
parent child GO:0043618 regulation of transcription from RNA pol... 11 0.03 1.4⇥ 10 4
GO:0043620 regulation of DNA-templated transcriptio... 11 0.03 1.5⇥ 10 4
GO:0072331 signal transduction by p53 class mediato... 24 0.11 1.9⇥ 10 4
GO:1901796 regulation of signal transduction by p53... 17 0.07 5.5⇥ 10 4
GO:0015031 protein transport 84 0.79 7.9⇥ 10 4
GO:0048172 regulation of short-term neuronal synapt... 5 0.01 1.6⇥ 10 3
GO:0019395 fatty acid oxidation 10 0.05 2.6⇥ 10 3
GO:0061337 cardiac conduction 8 0.06 2.7⇥ 10 3
GO:1903047 mitotic cell cycle process 59 0.40 2.9⇥ 10 3
GO:0007049 cell cycle 92 0.75 2.9⇥ 10 3
Table S3: Top 10 biological process GO terms for genes located in hg19 gain hotspots. P-values for each GO term were
calculated using the fisher statistic combined with one of four separate algorithms that each take the GO hierarchy into
account (described in methods)
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Algorithm GO.ID Term Significant Expected p-value
classic GO:0008150 biological process 1365 14.64 < 1⇥ 10 30
GO:0009987 cellular process 1229 13.20 < 1⇥ 10 30
GO:0044699 single-organism process 1090 11.69 < 1⇥ 10 30
GO:0044763 single-organism cellular process 988 10.61 < 1⇥ 10 30
GO:0008152 metabolic process 912 9.61 < 1⇥ 10 30
GO:0071704 organic substance metabolic process 885 9.28 < 1⇥ 10 30
GO:0044238 primary metabolic process 849 8.86 < 1⇥ 10 30
GO:0065007 biological regulation 912 9.88 < 1⇥ 10 30
GO:0044237 cellular metabolic process 835 8.89 < 1⇥ 10 30
GO:0050789 regulation of biological process 856 9.30 < 1⇥ 10 30
elim GO:0045944 positive regulation of transcription fro... 77 0.98 < 1⇥ 10 30
GO:0000122 negative regulation of transcription fro... 62 0.68 < 1⇥ 10 30
GO:0006355 regulation of transcription, DNA-templat... 275 2.95 < 1⇥ 10 30
GO:0007275 multicellular organism development 403 4.53 < 1⇥ 10 30
GO:0008150 biological process 1365 14.64 < 1⇥ 10 30
GO:0055114 oxidation-reduction process 80 0.89 < 1⇥ 10 30
GO:0008285 negative regulation of cell proliferatio... 59 0.59 < 1⇥ 10 30
GO:0007165 signal transduction 441 5.01 < 1⇥ 10 30
GO:0043547 positive regulation of GTPase activity 51 0.60 < 1⇥ 10 30
GO:0030154 cell differentiation 295 3.35 < 1⇥ 10 30
weight GO:0010467 gene expression 434 4.53 2.6⇥ 10 27
GO:0034645 cellular macromolecule biosynthetic proc... 406 4.23 7.7⇥ 10 24
GO:0006334 nucleosome assembly 36 0.11 9.3⇥ 10 19
GO:0032446 protein modification by small protein co... 97 0.84 3.2⇥ 10 17
GO:0044707 single-multicellular organism process 496 5.50 5.1⇥ 10 17
GO:0051291 protein heterooligomerization 30 0.10 7.4⇥ 10 17
GO:0007154 cell communication 486 5.46 1.3⇥ 10 16
GO:0022610 biological adhesion 169 1.58 6.0⇥ 10 15
GO:0019538 protein metabolic process 467 4.89 9.1⇥ 10 15
GO:0032200 telomere organization 25 0.13 7.3⇥ 10 14
parent child GO:0006334 nucleosome assembly 36 0.11 7.1⇥ 10 11
GO:0031497 chromatin assembly 38 0.12 9.8⇥ 10 11
GO:0006342 chromatin silencing 30 0.09 2.8⇥ 10 10
GO:0034728 nucleosome organization 39 0.13 1.3⇥ 10 9
GO:0040029 regulation of gene expression, epigeneti... 46 0.22 4.6⇥ 10 8
GO:0045814 negative regulation of gene expression, ... 30 0.10 8.8⇥ 10 8
GO:0016458 gene silencing 45 0.22 2.6⇥ 10 7
GO:0006333 chromatin assembly or disassembly 40 0.15 7.6⇥ 10 7
GO:0065004 protein-DNA complex assembly 41 0.19 8.2⇥ 10 7
GO:0071103 DNA conformation change 53 0.24 2.0⇥ 10 6
Table S4: Top 10 biological process GO terms for genes located in hg19 loss hotspots. P-values for each GO term were
calculated using the fisher statistic combined with one of four separate algorithms that each take the GO hierarchy into
account (described in methods)
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Algorithm GO.ID Term Significant Expected p-value
classic GO:0008150 biological process 144 0.96 7.4⇥ 10 10
GO:0010243 response to organonitrogen compound 11 0.03 1.8⇥ 10 4
GO:0032874 positive regulation of stress-activated ... 5 0.01 5.1⇥ 10 4
GO:0070304 positive regulation of stress-activated ... 5 0.01 5.2⇥ 10 4
GO:1901698 response to nitrogen compound 11 0.04 5.6⇥ 10 4
GO:0006342 chromatin silencing 4 0.00 6.9⇥ 10 4
GO:0044699 single-organism process 78 0.61 7.6⇥ 10 4
GO:0045814 negative regulation of gene expression, ... 4 0.00 7.9⇥ 10 4
GO:1901700 response to oxygen-containing compound 15 0.07 8.8⇥ 10 4
GO:0009719 response to endogenous stimulus 15 0.07 9.2⇥ 10 4
elim GO:0008150 biological process 144 0.96 < 1⇥ 10 30
GO:0000122 negative regulation of transcription fro... 8 0.04 8.2⇥ 10 17
GO:0007186 G-protein coupled receptor signaling pat... 9 0.05 5.7⇥ 10 13
GO:0045944 positive regulation of transcription fro... 6 0.05 3.0⇥ 10 11
GO:0071230 cellular response to amino acid stimulus 4 0.01 8.3⇥ 10 11
GO:0055114 oxidation-reduction process 7 0.04 4.3⇥ 10 10
GO:0007608 sensory perception of smell 4 0.01 4.6⇥ 10 10
GO:0006355 regulation of transcription, DNA-templat... 22 0.15 4.0⇥ 10 9
GO:0046330 positive regulation of JNK cascade 4 0.01 4.0⇥ 10 9
GO:0007275 multicellular organism development 31 0.25 9.6⇥ 10 9
weight GO:0008150 biological process 144 0.96 2.8⇥ 10 10
GO:0032874 positive regulation of stress-activated ... 5 0.01 5.1⇥ 10 4
GO:0006342 chromatin silencing 4 0.00 6.9⇥ 10 4
GO:0097094 craniofacial suture morphogenesis 2 0.00 1.7⇥ 10 3
GO:0050718 positive regulation of interleukin-1 bet... 2 0.00 2.6⇥ 10 3
GO:0006699 bile acid biosynthetic process 2 0.00 3.0⇥ 10 3
GO:0050810 regulation of steroid biosynthetic proce... 3 0.00 3.1⇥ 10 3
GO:0071230 cellular response to amino acid stimulus 4 0.01 3.1⇥ 10 3
GO:0030204 chondroitin sulfate metabolic process 2 0.00 5.0⇥ 10 3
GO:0001958 endochondral ossification 2 0.00 7.5⇥ 10 3
parent child GO:0001934 positive regulation of protein phosphory... 8 0.04 1.7⇥ 10 3
GO:0098927 vesicle-mediated transport between endos... 2 0.00 3.1⇥ 10 3
GO:0006342 chromatin silencing 4 0.00 3.1⇥ 10 3
GO:0070304 positive regulation of stress-activated ... 5 0.01 3.3⇥ 10 3
GO:0097094 craniofacial suture morphogenesis 2 0.00 3.4⇥ 10 3
GO:0070302 regulation of stress-activated protein k... 5 0.01 3.9⇥ 10 3
GO:0006346 methylation-dependent chromatin silencin... 2 0.00 3.9⇥ 10 3
GO:0045814 negative regulation of gene expression, ... 4 0.00 4.3⇥ 10 3
GO:0006066 alcohol metabolic process 5 0.01 4.6⇥ 10 3
GO:1901698 response to nitrogen compound 11 0.04 4.9⇥ 10 3
Table S5: Top 10 biological process GO terms for genes located in mm10 gain hotspots. P-values for each GO term were
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Algorithm GO.ID Term Significant Expected p-value
classic GO:0030154 cell differentiation 214 1.15 1.1⇥ 10 6
GO:0048869 cellular developmental process 229 1.24 1.3⇥ 10 6
GO:0051216 cartilage development 23 0.06 2.1⇥ 10 6
GO:0009888 tissue development 113 0.54 2.1⇥ 10 6
GO:0044767 single-organism developmental process 298 1.70 2.3⇥ 10 6
GO:0032502 developmental process 299 1.72 3.8⇥ 10 6
GO:0007275 multicellular organism development 258 1.46 4.8⇥ 10 6
GO:0048856 anatomical structure development 280 1.61 7.3⇥ 10 6
GO:0040007 growth 72 0.32 1.1⇥ 10 5
GO:0061448 connective tissue development 26 0.08 1.3⇥ 10 5
elim GO:0008150 biological process 844 5.61 < 1⇥ 10 30
GO:0045944 positive regulation of transcription fro... 64 0.32 < 1⇥ 10 30
GO:0000122 negative regulation of transcription fro... 44 0.22 < 1⇥ 10 30
GO:0006355 regulation of transcription, DNA-templat... 152 0.90 < 1⇥ 10 30
GO:0008285 negative regulation of cell proliferatio... 41 0.19 < 1⇥ 10 30
GO:0055114 oxidation-reduction process 41 0.26 < 1⇥ 10 30
GO:0007275 multicellular organism development 258 1.46 < 1⇥ 10 30
GO:0043066 negative regulation of apoptotic process 47 0.26 < 1⇥ 10 30
GO:0001701 in utero embryonic development 32 0.13 < 1⇥ 10 30
GO:0045893 positive regulation of transcription, DN... 84 0.41 < 1⇥ 10 30
weight GO:1900271 regulation of long-term synaptic potenti... 7 0.01 3.7⇥ 10 5
GO:0045893 positive regulation of transcription, DN... 84 0.41 1.3⇥ 10 4
GO:0051216 cartilage development 23 0.06 1.8⇥ 10 4
GO:0045165 cell fate commitment 26 0.08 2.2⇥ 10 4
GO:0061180 mammary gland epithelium development 11 0.02 2.3⇥ 10 4
GO:0019827 stem cell population maintenance 17 0.05 2.7⇥ 10 4
GO:0003229 ventricular cardiac muscle tissue develo... 9 0.02 5.5⇥ 10 4
GO:0001704 formation of primary germ layer 12 0.03 5.6⇥ 10 4
GO:0031998 regulation of fatty acid beta-oxidation 5 0.01 6.0⇥ 10 4
GO:0007498 mesoderm development 13 0.03 6.2⇥ 10 4
parent child GO:0048869 cellular developmental process 229 1.24 7.5⇥ 10 5
GO:0051216 cartilage development 23 0.06 1.3⇥ 10 4
GO:1900373 positive regulation of purine nucleotide... 8 0.03 2.1⇥ 10 4
GO:0040007 growth 72 0.32 2.5⇥ 10 4
GO:0010463 mesenchymal cell proliferation 11 0.02 2.7⇥ 10 4
GO:0044767 single-organism developmental process 298 1.70 3.8⇥ 10 4
GO:0002281 macrophage activation involved in immune... 4 0.00 4.4⇥ 10 4
GO:1900271 regulation of long-term synaptic potenti... 7 0.01 7.8⇥ 10 4
GO:0048565 digestive tract development 16 0.04 1.1⇥ 10 3
GO:0032502 developmental process 299 1.72 1.2⇥ 10 3
Table S6: Top 10 biological process GO terms for genes located in mm10 loss hotspots. P-values for each GO term were
calculated using the fisher statistic combined with one of four separate algorithms that each take the GO hierarchy into




Supplementary for Chapter 4
225
Supplementary figures and tables Buckley et al






























































6 7 8 9 10 12 14 16 18 20
























6 7 8 9 10 12 14 16 18 20























6 7 8 9 10 12 14 16 18 20
Figure S1: Statistics used to identify an appropriate soft threshold for our WGCNA anlysis.
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Figure S2: Shows the clustering pattern for all our samples along with information regarding study design and sequencing
results. We find that variation across samples is mainly biological.
2
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Figure S3: Hierarchical clustering dendrogram based on expression patterns of individual genes. Colours along the base of
each dendrogram represent module membership. Modules were detected in a block-wise manner, where a is block 1, b is
block 2 and c is block 3.
3
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Figure S4: The number of genes that belong to each of our identified co-expression modules.
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TE group regex Instances (n) Annotated families (n) Genome coverage (Mb)
ERV anc ERV.*[ˆBT].$ 87280 202 15.84
ERV BT ERV.*BT 48356 19 14.91
LINE BovB BovB 506319 14 361.89
LINE L1 anc L1.*[ˆBT]$ 713912 171 218.61
LINE L1 BT ˆL1.*BT 160317 4 108.20
LINE L2 ˆL2 222964 24 42.31
SINE BOVA2 BOVA2 209735 5 48.80
SINE BOVTA Bov[ˆB].* 415424 12 81.33
SINE MIR MIR 278673 6 36.29
Total 2642980 457 928.18
Table S1: TE groups extracted from bovine Censor output. Instances of individual TE that belong to each group were extracted
using grep, which searched for a pattern match between one of our regular expressions and TE family names. The number
of instances refers to the number of times a particular TE is found in the censor output rather than the number of individual
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Fig. S1. Phylogenetic analysis of seven different bovine NK-lysin–related mRNA sequences (mRNA-1–7) from the NCBI nucleotide database. Four clades were
formed and annotated as NK1 and NK2A, 2B, and 2C. Bootstrap values are shown at branch points.
Fig. S2. Genomic structure and predicted amino acid sequence were compared among four bovine NK-lysin genes. (A) Size comparison of five exons and four
introns. (B) Comparison of the predicted amino acid compositions. The amino acid sequence of NK2A was used as the reference. Six conserved cysteine residues
are indicated.
Chen et al. www.pnas.org/cgi/content/short/1519374113 1 of 5
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Fig. S3. Phylogenetic analysis of the full coding sequences of four bovine NK-lysins and NK-lysin orthologs in humans, pig, horse, sheep, and goat. The ac-
cession number for each sequence in the NCBI nucleotide database is indicated, and the bootstrap values are shown at branch points.
Fig. S4. Comparison of the repeat densities between the whole-genome assembly (UMD_3.1.1) and the assembled Bo-NK supercontig.
Chen et al. www.pnas.org/cgi/content/short/1519374113 2 of 5
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Table S1. NK-lysin–related sequences from the NCBI bovine
nucleotide database








Table S2. Number of sequenced clones and different sequences
obtained from each individual in the analysis of homozygous
cattle
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Table S3. Summary of repeat 19274_elements within the Bo-NK
supercontig
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Table S3. Cont.






















Totals in each category are underlined in the Frequency column. ERV,
endogenous retrovirus; hAT, histone acetyltransferase; RTE, recombinational
telomere elongation.
Table S4. Sequences and properties of four synthetic bovine NK-lysin peptides
Peptide Sequence Length, aa Charge Net charge, pH 7 Hydrophobicity, pH 6.8
NK1 VIIHVTSKVCSKMGLWSILCNQMMKKYLNR 30 +6 4.93 37.1
NK2A TVIEVASKMCSKMRLLKGLCKSITKRFLRR 30 +8 7.82 31.43
NK2B TVIEAASKVCGKMGPLKGLCKSITKRFLRR 30 +7 6.82 26.1
NK2C TVIEEASKVCSKMRLLKGLCKSIMKKFLRT 30 +6 5.82 30.57
Table S5. Primer and probe information
Primer name Forward, 5′→3′ Reverse, 5′→3′ Utilization
Bo-lysin ACCCAGCACTCCCACTG ACATACCTGGCTTGCTTTTG Homozygotes analysis
JP-1 CTAAGTGGCCGGATTGTTGT CAGGGTCTTCTCCTCTGACG BAC assembly validation
JP-2 GAAATGCTCTCACAGCAACA AATAGCAATGAAATGATGATGGT BAC assembly validation
JP-3 AAAATGCTCTCACAGCAATGAA AATAGCAATGAAATGATGGTAGCTG BAC assembly validation
JP-4 GATAGTCTCCCCAACCAGTCAG GAATTGCTGAGCTGGAAGAAGT BAC assembly validation
BP-1 GCCTGCCTTCATGGAGTTTA TGGCACAGGTAATGGGATAA BAC assembly validation
Ex-NK1 CCAGCAAGAATGTCATCATCC GTCCTTAGAGATGCGATTGAGATAC Gene expression assay
Ex-NK2A AGGAGAAGAGCTGGGCCTAC GCTGATCTCCCAACTTGTCC Gene expression assay
Ex-NK2B GAGAATACCGTCATCGAGGC TTGCACAGACCTTTCAGCG Gene expression assay
Ex-NK2C AATTTCTCCGTACCATCGCT ATGAAACCTACTGGCTTGCTT Gene expression assay
NK1-probe CTTTGCAACCAGATGA Gene expression assay
NK2A-probe TCCTTGTTGGATGATAATG Gene expression assay
NK2B-probe TCCAAGGTGTGCGGC Gene expression assay
NK2C-probe AGGACATCGTAGCTGG Gene expression assay
Gs-NK2B CTGTTCATGCTGTTTCTTCCAT TTGCACAGACCTTTCAGCG NK2B deletion test
Chen et al. www.pnas.org/cgi/content/short/1519374113 5 of 5
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